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ABSTRACT 
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of  a twofo ld  s t u d y  of 
t r a n s i e n t  l i q u i d  motion such a s  t h a t  which w i l l  be e x p e r i e n c e d  
d u r i n g  o r b i t a l  maneuvers by Space Tug. 
d u c t e d  i n  t h e  M a r t i n  M a r i e t t a  Low-g Tes t  F a c i l i t y  i n v o l v i n g  
twenty- two d r o p s .  B i a x i a l ,  low-g a c c e l e r a t i o n s  were a p p l i e d  
t o  a n  i n s t r u m e n t e d ,  model p r o p e l l a n t  t a n k  d u r i n g  f r e e - f a l l  
t e s t i n g ,  and f o r c e s  e x e r t e d  d u r i n g  l i q u i d  r e o r i e n t a t i o n  were 
measured and r e c o r d e d .  Pho tograph ic  r e c o r d s  of t h e  l i q u i d  re- 
o r i e n t a t i o n  were a l s o  made. The test  d a t a  was used  t o  v e r i f y  
a mechan ica l  a n a l o g  which p o r t r a y s  t h e  l i q u i d  a s  a p o i n t  mass 
moving on a n  e l l i p s o i d a l  c o n s t r a i n t  s u r f a c e .  The mechan ica l  
a n a l o g  was coded i n t o  a F o r t r a n  IV d i g i t a l  computer  program: 
LAMPS, L a r g e  g l i t u d e  S l o s h .  
d i c a t e s  t h a t  t h e  mechan ica l  ana log  i s  c a p a b l e  of  p r e d i c t i n g  t h e  
o v e r a l l  f o r c e  t r e n d s  measured d u r i n g  t e s t i n g .  More work i s  
needed,  however, t o  f i n e -  t une  t h e  mode 1 th rough  b e t t e r  under- 
s t a n d i n g  of v i s c o u s  d i s s i p a t i v e  f o r c e s  and improvements t o  
l i q u i d  motion c o n s t r a i n t s .  
A t es t  program was con- 
T e s t f a n a l y t i c a l  c o r r e l a t i o n  i n -  
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I. INTRODUCTION 
I n  t h e  immediate f u t u r e ,  v e h i c l e s  s i m i l a r  t o  Space Tug 
w i l l  per form o r b i t a l  maneuvers w h i l e  c a r r y i n g  a l a r g e  mass of 
p r o p e l l a n t .  An i n - d e p t h  u n d e r s t a n d i n g  o f  t h e  i n t e r a c t i o n  f o r c e s  
between t h e  p r o p e l l a n t  and space  v e h i c l e  i s  r e q u i r e d  t o  p r o p e r l y  
a s s e s s  t h e  dynamics of t h e s e  maneuvers, i n  p a r t i c u l a r ,  t h e  dock- 
i n g  maneuver. During o r b i t a l  maneuvers, t h e  p r o p e l l a n t  mass i s  
s u b j e c t e d  t o  s m a l l  a c c e l e r a t i o n s  which c a n  induce  l a r g e  ampli-  
t ude  s l o s h  mot ion .  Due t o  the  r e l a t i v e l y  l a r g e  mass o f  p r o p e l -  
l a n t ,  t h e  f o r c e s  e x e r t e d  on the s p a c e c r a f t  by t h e  moving p r o p e l -  
l a n t  may have a s i g n i f i c a n t  e f f e c t  on g r o s s  v e h i c l e  mot ion .  
Knowledge of these i n t e r a c t i o n  f o r c e s  i s  i m p a r a t i v e  i n  t h e  de- 
s i g n  of v e h i c l e  o r b i t a l  c o n t r o l  sys t ems  and dock ing  mechanisms. 
A two-fo ld  s t u d y  h a s  been conduc ted  t o  deve lop  a mechani- 
c a l  a n a l o g  t o  s i m u l a t e  l a r g e  ampl i tude  l i q u i d  motion i n  a 
c o n t a i n e r  f o r  low-g envi ronments .  The p r imary  purpose  of t h e  
model i s  t o  s i m u l a t e  che i n t e r a c t i o n  f o r c e s  between l i q u i d s  
and t h e  s p a c e c r a f t  due t o  moving p r o p e l l a n t .  The s t u d y  con- 
s is  t e d  of b o t h  exper imenta  1 and ana  l y t i c a  1 t a s k s .  
The M a r t i n  M a r i e t t a  (Denver) Drop Test F a c i l i t y  was used 
i n  t h e  conduc t  o f  t h e  e x p e r i m e n t a l  phase .  A t e s t  module capa- 
b l e  of measur ing  l a r g e  ampl i tude  s l o s h  f o r c e s  on a s c a l e  model,  
ax isymmetr ic  t a n k  was c o n s t r u c t e d .  The t e s t  and l i q u i d  were 
s c a l e d  u s i n g  d i m e n s i o n a l  a n a l y s i s  t e c h n i q u e s  t o  e n s u r e  s imula-  
t i o n  of motion r e p r e s e n t a t i v e  of a f u l l  s c a l e  l i q u i d  oxygen 
t a n k .  During t e s t i n g ,  t h e  module was dropped  i n  t h e  f r e e - f a l l  
tower ( s i m u l a t i n g  z e r o  G)  and small b i a x i a l  a c c e l e r a t i o n s  were 
a p p l i e d .  The e n s u i n g  l i q u i d  motion was photographed  and two 
d i m e n s i o n a l  f o r c e s  were measured and r e c o r d e d .  A t o t a l  of 
twenty-two tes ts  were conducted .  Var ious  t a n k  f i l l  volumes, 
t a n k  o r i e n t a t i o n s  and a c c e l e r a t i o n  magni tudes  were i n v e s t i g a t e d .  
The t e s t  t i m e  (232  seconds)  co r re sponds  t o  a p p r o x i m a t e l y  15 
seconds  of l i q u i d  mot ion  i n  a f u l l  s i z e  t a n k .  C h a p t e r  11 de- 
t a i l s  t h e  t e s t  program. 
A mechanica l  a n a l o g  was deve loped  i n  t h e  a n a l y t i c a l  phase  
t o  s i m u l a t e  thc  observed  l a r g e  a m p l i t u d e  s l o s h .  The a n a l o g  
p o r t r a y s  t h e  l i q u i d  a s  a p o i n t  mass moving on a c o n s t r a i n t  
s u r f a c e  which i s  r e p r e s e n t e d  by p i e c e w i s e  c o n t i n u o u s  e l l i p t i c a l  
I- 2 
segments.  The c o n s t r a i n t  s u r f a c e  i s  t h e  l o c u s  of l i q u i d  c e n t e r  
of  mass l o c a t i o n s  p r e s c r i b e d  by s l o w l y  r o t a t i n g  t h e  t a n k  i n  a 
one-g f i e l d .  The mechan ica l  a n a l o g  was implemented i n  a com- 
p u t e r  program, LAMPS (liarge E l i t u d e  S l o s h ) ,  which p r e d i c t s  
f o r c e  t i m e  h i s t o r i e s  on t h e  t a n k  due t o  t h e  l i q u i d  motion.  
Chapter  I11 p r e s e n t s  a d e r i v a t i o n  of  t h e  e q u a t i o n s  of  l i q u i d  
motion and d i s c u s s e s  t h e  computer s o l u t i o n .  A u s e r s  g u i d e  t o  
t h e  program, LAMPS, i s  a l s o  p r e s e n t e d .  
I n  Chap te r  I V ,  a comparison between t h e  a c q u i r e d  t es t  d a t a  
and computer p r e d i c t i o n s  f o r  t h e  t es t  c o n f i g u r a t i o n s  i s  p r e -  
s e n t e d .  
11- 1 
11. EXPElUMENTAL INVESTIGATION 
The p r imary  o b j e c t i v e  of  t h e  e x p e r i m e n t a l  i n v e s t i g a t i o n  
was t o  g e n e r a t e  d a t a  f o r  c o r r e l a t i o n  w i t h  t h e  computer model 
developed under  t h e  a n a l y t i c a l  t a s k .  It  was, t h e r e f o r e ,  re- 
q u i r e d  t h a t  t h e  tes ts  s i m u l a t e  t h e  type  of p r o p e l l a n t  motion 
t h a t  c o u l d  occur  d u r i n g  docking maneuvers of a s p a c e c r a f t .  I n  
a d d i t i o n ,  i t  was n e c e s s a r y  t o  measure t h e  f o r c e s  produced by 
the  motion of t h e  l i q u i d .  S c a l i n g  was used t o  r e l a t e  t h e  t e s t  
c o n d i t i o n s  t o  a f u l l - s i z e  tank .  The d rop  tower ,  low-g t es t  
f a c i l i t y  was s e l e c t e d  a s  t h e  means of  pe r fo rming  t h e  t es t s  and 
a se r ies  of 2 2  d rop  tes ts  was accomplished.  S i n c e  t h e  t e s t  con- 
d i t i o n s  used  have n o t  been e x p e r i m e n t a l l y  s i m u l a t e d  b e f o r e ,  t h e  
t es t s  add t o  t h e  b a s i c  u n d e r s t a n d i n g  of t h e  r e o r i e n t a t i o n  of 
p r o p e l l a n t  w i t h i n  a t a n k .  
A .  TEST MATRIX 
The t es t s  s i m u l a t e d  t h e  f u l l - s i z e  l i q u i d  oxygen t a n k  shown 
i n  F i g u r e  11-1. I t  h a s  h e m i s p h e r i c a l  end domes and a s h o r t  c y l -  
i n d r i c a l  b a r r e l  s e c t i o n .  The f o l l o w i n g  t e s t  p a r a m e t e r s  were 
v a r i e d  s o  t h a t  e a c h  t es t  s i m u l a t e d  a somewhat d i f f e r e n t  cond i -  
t i o n  under  which t h e  r e o r i e n t a t i o n  of  t h e  l i q u i d  o c c u r s :  
1. l i q u i d  volume; 
2 .  i n c l i n a t i o n  of t h e  tank w i t h  respect t o  a v e r t i c a l  
r e f e r e n c e  a x i s ,  g iven  by t h e  a n g l e  BX i n  F i g u r e  11-1; 
3 .  magnitude of t h e  a c c e l e r a t i o n  a c t i n g  on t h e  t a n k :  
t h e  a c c e l e r a t i o n  i s  composed of two components , a n  
a x i a  1 a c c e  l e r a  t i o n  and a l a  t e r a  1 a c c e l e r a t i o n .  
A l a t e r a l  a c c e l e r a t i o n  was a p p l i e d  i n  o r d e r  t o  f o r c e  t h e  
l i q u i d  t o  f o l l o w  t h e  t a n k  w a l l .  T h i s  a v o i d s  p roduc ing  i n s t a -  
b i l i t i e s ,  i n  t h e  form of a l i q u i d  column, t h a t  move th rough  
t h e  c e n t e r  of t h e  tank .  Such i n s t a b i l i t i e s  have been shown t o  
be a r e s u l t  of unique i n i t i a l  c o n d i t i o n s  and a r e  n o t  r e p r e s e n -  
t a t i v e  of  a t y p i c a l  l i q u i d  r e o r i e n t a t i o n .  A f u r t h e r  d i s c u s s i o n  
of t h e  o c c u r r e n c e  of t h e s e  i n s t a b i l i t i e s  c a n  be found i n  C h a p t e r  
IV. 
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The c o n d i t i o n s  f o r  e a c h  t e s t  a r e  l i s t e d  i n  Tab le  11-1. 
The a c c e l e r a t i o n  s p e c i f i e d  i s  t h e  a x i a l  a c c e l e r a t i o n  f o r  a f u l l -  
s i z e  t a n k .  I n  e a c h  c a s e ,  a l a t e r a l  a c c e l e r a t i o n  w i t h  a magni- 
t u d e  of a p p r o x i m a t e l y  t e n  p e r c e n t  of  t h e  a x i a l  a c c e l e r a t i o n  was 
a Is0 a p p l i e d .  
I n i t i a l l y ,  t h e  l i q u i d  was a t  rest, p o s i t i o n e d  a s  shown i n  
F i g u r e  11-1. The g a s l l i q u i d  i n t e r f a c e  was f l a t  and pe rpend icu -  
l a r  t o  t h e  v e r t i c a l  r e f e r e n c e  a x i s .  The s p e c i f i e d  a c c e l e r a t i o n  
was c o n t i n u o u s l y  a p p l i e d  and t h e  l i q u i d  r e o r i e n t e d  t o  t h e  oppo- 
s i t e  end of t h e  t a n k .  
ft. 
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B. TEST SCALING 
The f o l l o w i n g  v a r i a b l e s  c h a r a c t e r i z e  t h e  r e o r i e n t a t i o n  of 
p r o p e l l a n t  w i t h i n  a tank:  
p = l i q u i d  d e n s i t y ,  
P = l i q u i d  v i s c o s i t y ,  
= l i q u i d  s u r f a c e  t e n s i o n ,  
8 = s o l i d / l i q u i d  c o n t a c t  a n g l e ,  
A = a c c e l e r a t i o n  a c t i n g  on l i q u i d ,  
V = v e l o c i t y  o f  t h e  g a s - l i q u i d  i n t e r f a c e ,  
v = l i q u i d  volume, 
1: = t a n k  r a d i u s .  
The f o r c e  (F) and p r e s s u r e  (P) e x e r t e d  by t h e  l i q u i d  on t h e  
t a n k  d u r i n g  l i q u i d  mot ion  a r e  t h e  measured v a r i a b l e s .  Using , 
t h e  Buckingham p i  theorem, t h e  d i m e n s i o n l e s s  p a r a m e t e r s  of 
i n t e r e s t  c a n  be e s t a b l i s h e d  t o  be :  
(Froude Number) 
(Bond Number) 
(Reynolds  Number) 
11-5 
With r e g a r d  t o  t h e  motion of the l i q u i d ,  t h e  Froude number can  
be r e l a t e d  t o  t h e  Bond number and Reynolds number a s  f o l l o w s :  
Based on numerous p r o p e l l a n t  r e o r i e n t a t i o n  t e s t s  , numer ica l  
c o e f f i c i e n t s  were e s t a b l i s h e d  s o  t h a t  t h e  above r e l a t i o n s h i p  
c a n  be e x p r e s s e d  a s  f o l l o w s  (Reference 1): 
B, " - 
0.84 4.7 
Fr = KRe 1 0.48 - (x) ] I 
C o n s i d e r i n g  o n l y  t h e  r e l a  t i o n s h i p  between t h e  Froude number and 
Bond number, t h e i r  v a r i a t i o n  i s  shown g r a p h i c a l l y  i n  F i g u r e  1 1 - 2 .  
I t  c a n  be s e e n  t h a t  t h e  Froude number i s  c o n s t a n t  i f  t h e  Bond 
number i s  g r e a t e r  t h a n  10. This  i m p l i e s  t h a t  s u r f a c e  t e n s i o n  
f o r c e s  a r e  n e g l i g i b l e ,  i n  comparison t o  t h e  i n e r t i a  and g r a v i t y  
f o r c e s ,  when Bo i s  g r e a t e r  t han  10. The f a c t o r  KR, i n  t h e  
e q u a t i o n  a c c o u n t s  f o r  v i s c o u s  e f f e c t s  a s  a f u n c t i o n  of  t h e  
Reynolds number. 
If t h e  Reynolds number i s  g r e a t e r  t han  50, v i s c o u s  e f f e c t s  a r e  
n e g l i g i b l e .  T h e r e f o r e ,  f o r  any p r o p e l l a n t  r e o r i e n t a t i o n  which 
h a s  a Bond number g r e a t e r  t h a n  10 and a Reynolds number g r e a t e r  
t h a n  50, s c a l i n g  c a n  be based on Froude number a l o n e .  
The v a r i a t i o n  of K b  i s  shown i n  F i g u r e  11-3. 
A s  w i l l  be shown l a t e r ,  the above r e q u i r e m e n t s  f o r  Bo and 
Re a r e  s a t i s f i e d  f o r  t h e  p r o p e l l a n t  r e o r i e n t a t i o n  c o n d i t i o n s  
b e i n g  c o n s i d e r e d  h e r e ,  s o  Froude number i s  t h e  s c a l i n g  pa ra -  
m e t e r .  Tha t  i s  
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where t h e  s u b s c r i p t  Irar '  r e f e r s  t o  t h e  f u l l - s i z e  sys t em and t h e  
s u b s c r i p t  "m" r e fe rs  t o  t h e  model. T h e r e f o r e ,  
and V - A t ,  where t = t i m e .  Hence, 
The above e q u a t i o n  y i e l d s  t h e  t i m e  s c a l i n g  f o r  a s e l e c t e d  d i -  
mensional  s c a l i n g  and t h e  r a t i o  of  t h e  a c t u a l  t o  model a c c e l -  
e r a t i o n s .  It i s  independen t  of  t h e  l i q u i d  p r o p e r t i e s .  
The l i q u i d  p r o p e r t i e s  e n t e r  i n t o  t h e  s c a l i n g  i n  a s s u r i n g  
t h a t  t h e  Bond number and Reynolds number a r e  s u f f i c i e n t l y  l a r g e .  
A l a r g e  l i q u i d  d e n s i t y  h e l p s  t o  make b o t h  Re and Bo l a r g e ,  and 
a l s o  a s s u r e s  t h a t  t h e  f o r c e s  due t o  a g i v e n  volume of  l i q u i d  
w i l l  be l a r g e .  Low s u r f a c e  t e n s i o n  and v i s c o s i t y  a r e  a l s o  de- 
s i r a b l e .  
An e v a l u a t i o n  of  t h e  v a r i o u s  methods of  p roduc ing  t h e  
s c a l e d  t e s t  c o n d i t i o n s  showed t h a t  t h e  d r o p  tower t es t  f a c i l i t y  
would b e s t  s a t i s f y  t h e  above r e q u i r e m e n t s .  
d rop  tower p r o v i d e s  a s p e c i f i e d  low-g environment  f o r  a p e r i o d  
of  up t o  2 . 1  s e c o n d s .  
M a r t i n  M a r i e t t a ' s  
The v a l u e s  s e l e c t e d  f o r  Am and r,, i n  e s t a b l i s h i n g  t h e  
t i m e  s c a l i n g  f o r  t h e  t e s t ,  a r e  somewhat c o n s t r a i n e d  due t o  t h e  
d rop  tower t e s t  f a c i l i t y .  I n  o r d e r  to make t h e  t i m e  s c a l i n g  
a s  l a r g e  a s  p o s s i b l e  ( t a  l a r g e ) ,  Am s h o u l d  be l a r g e .  
v a l u e s  of a c c e l e r a t i o n  l i m i t  t h e  t e s t  t i m e  i n  t h e  d rop  tower 
because iilr dLop caps i i l e  i.;;cist be a c c e ? e r a t e d  wtth respect tc? 
t h e  d r a g  s h i e l d ;  t h e  t r a v e l  d i s t a n c e  i s  f i x e d .  
0.09g is a p r a c t i c a l  upper  l i m i t  f o r  A, and w i l l  s t i l l  p r o v i d e  
1 . 6  seconds of model t e s t  t i m e .  
La rge  
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Figure  11-3. E f f e c t  of Reynolds Number (from Reference 1) 
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Dens i ty ,  gm/cc ( lbm/ f t3 )  
Sur face  Tens ion ,  dyneslcm 
( l b f  / f  t) 
I n  s e l e c t i n g  r,, i t  shou ld  be a s  s m a l l  a s  p o s s i b l e  i n  o r d e r  
t o  make ta l a r g e .  However, i t  must be r e a l i z e d  t h a t  t h e  f o r c e s  
produced by t h e  l i q u i d  w i t h i n  t h e  model a r e  p r o p o r t i o n a l  t o  t h e  
mass of l i q u i d .  A v a l u e  f o r  r m  of 6.35 c m  (2.5 i n c h e s )  was se- 
l e c t e d  a s  a s u i t a b l e  compromise between the two r e q u i r e m e n t s .  
T h e r e f o r e ,  t h e  t i m e  s c a l i n g  f o r  r a  = 1.5 meters (5 f e e t )  and 
A, = 0.04g i s  
FC- 43 
a t  68OF Oxygen a t  162'R 
1.905(118.9) 1.14(71.3) 
16.7 (1.14~10-~) 13.5(9.25~10-~) . n-4, 
ta 
tm 
- =  
0.04 
F o r  a model t es t  t i m e  of 1.6 seconds ,  t h e  a c t u a l  t i m e  s i m u l a t e d  
i s  11.8 seconds .  I n  s i m u l a t i n g  t h e  c a s e  where A, i s  O.O2g, t h e  
model a c c e l e r a t i o n  i s  0.045g and t h e  r a t i o  t , / t m  remains  t h e  
same. A model test  p e r i o d  of  2.1 seconds  was a v a i l a b l e  a t  t h i s  
lower a c c e l e r a t i o n ,  so  t a  i s  e q u a l  t o  15.4 seconds .  The d e s i r e d  
a c c e l e r a t i o n s  were ach ieved  w i t h  s p r i n g  motors  producing  133N 
(30 l b f )  and 66.7N (15 l b f )  a c t i n g  on a d rop  c a p s u l e  weighing  
162 Kg (358 lbm) .  
F C - 4 3 ,  a v e r y  dense  f l u o r o c a r b o n  s o l v e n t ,  was s e l e c t e d  a s  
the t e s t  l i q u i d .  
w i t h  t h o s e  of t h e  a c t u a l  l i q u i d ,  oxygen, a r e  l i s t e d  i n  Tab le  
11-2 * 
The p r o p e r t i e s  of  FC-43 (Reference  2) a l o n g  
TABLE 11-2. LIQUID PROPERTIES 
The Bond number and Reynolds number f o r  b o t h  t h e  model and 
a c t u a l  t ank  a r e  l i s t e d  i n  Tab le  11-3. It c a n  be  s e e n  t h a t  t h e  
11- 9 
Pa r a me  t e r 
r e q u i r e m e n t s  of t h e  s c a l i n g  a n a l y s i s  have been s a t i s f i e d  i n  b o t h  
t h e  a c t u a l  c a s e  and t h e  model. The Reynolds number i s  c o n s i d e r -  
a b l y  g r e a t e r  t h a n  50 i n  b o t h  c a s e s ,  s o  v i s c o u s  e f fec ts  w i l l  be 
minimal .  Both Bond numbers a r e  g r e a t e r  t h a n  10; however, t h e r e  
i s  a l a r g e  d i f f e r e n c e  between the Bond numbers of  t h e  f u l l  s i z e  
t a n k  and t h e  model. When t h e  Bond number i s  g r e a t e r  t h a n  10, 
t h e  e f f e c t  of s u r f a c e  t e n s i o n  on t h e  motion of t h e  l i q u i d  i s  
s m a l l .  The minimum model Bond number of 208 s h o u l d  i n s u r e  t h i s  
t o  be t r u e .  The l a t e r a l  a c c e l e r a t i o n  a c t i n g  on t h e  model t a n k  
moves t h e  l i q u i d  up one s i d e  of t h e  t a n k ,  f u r t h e r  r e d u c i n g  t h e  
e f f e c t  of  s u r f a c e  t e n s i o n  on the  l i q u i d  motion.  The l a r g e  d i f -  
f e r e n c e  i n  Bond number between t h e  f u l l - s i z e  t a n k  and t h e  model 
i n d i c a t e s  t h a t  t h e  i n t e r f a c e  i n  t h e  f u l l - s i z e  t a n k  would b r e a k  
up more t h a n  was obse rved  i n  the model, b u t  t h e  g e n e r a l  manner 
o f  t h e  l i q u i d  motion w i l l  be the same. 
TABLE 11-3 .  BOND AND REYNOLDS NUMBERS 
Oxygen 
Bond Number 
A, = 0.02g 
A, = 0.04g 
4 
4 
3 . 8 5 ~ 1 0  
7 . 7 0 ~ 1 0  
I I Reynolds Number 







1 . 7 3 ~ 1 0  
2 . 6 3 ~ 1 0  
S i n c e  comple t e  r e o r i e n t a t i o n  of  t h e  l i q u i d  d u r i n g  t h e  tes t  
was d e s i r a b l e ,  t h i s  was a l s o  c o n s i d e r e d  i n  s e l e c t i n g  t h e  model 
t e s t  c o n d i t i o n s .  It was a n t i c i p a t e d  t h a t  t h e  l i q u i d  would be 
r e o r i e n t e d  b u t  some o s c i l l a t i o n  of  t h e  l i q u i d  a b o u t  i t s  e q u i l i -  
b r ium p o s i t i o n  would s t i l l  be p r e s e n t  a t  t h e  end of t h e  t e s t .  
F o r c e s  and p r e s s u r e s  measured i n  t h e  t es t  may be s c a l e d  t o  
t h e  f u l l - s i z e  t a n k ,  u s i n g  t h e  p r e v i d u s l y  p r e s e n t e d  dimension- 





F - = 2 . 7 1  
and 
P 
= 0.156 P 
a 
C .  TEST SYSTEM DESCRIPTION 
A t e s t  sys t em t h a t  c a n  produce t h e  r e q u i r e d  s u b s c a l e  model 
t e s t  c o n d i t i o n s  and measure t h e  l i q u i d  f o r c e s  was d e s i g n e d  and 
b u i l t  f o r  M a r t i n  M a r i e t t a ' s  Drop Tower Test  F a c i l i t y .  
b i l i t y  t o  d u p l i c a t e  t h e  v a r i e d  t e s t  c o n d i t i o n s ,  and s e n s i t i v i t y  
t o  r eco rd  t h e  s m a l l  l i q u i d  f o r c e s ,  were t h e  key r e q u i r e m e n t s  i n  
d e s i g n i n g  t h e  t e s t  sys tem.  
F l e x i -  
1. Test Module - The t e s t  module c o n s i s t s  of  t h e  t a n k ,  
f o r c e  measuring l i n k s  and s l i d e r  mechanism. T h i s  module i s  
shown mounted on the  drop  c a p s u l e  i n  F i g u r e  11-4.  F i g u r e s  
11-5 and 11-6 p r e s e n t  f r o n t  and back views of t h e  box i n  which 
t h e  f o r c e  l i n k s  and t a n k  a r e  mounted. 
The model t a n k  i s  made of c l e a r  p l a s t i c .  The domes were 
blown from sheet p l a s t i c  and t h e  b a r r e l  s e c t i o n  was c u t  f rom a 
t u b e .  The f l a n g e  around the t a n k  p r o v i d e s  s t r u c t u r a l  s t r e n g t h  
and p e r m i t s  t h e  t a n k  t o  be mounted a t  t h e  p r o p e r  a n g l e  w i t h i n  
t h e  f o r c e  l i n k  yoke ,  Two screws i n  t h e  b a r r e l  s e c t i o n  of t h e  
t a n k  a l l o w  i t  t o  be f i l l e d  and d r a i n e d .  
Three f o r c e  l i n k s ,  two v e r t i c a l  and one l a t e r a l ,  a l l o w  
a l l  f o r c e s  a c t i n g  on t h e  t a n k  t o  be measured.  
end of t h e  l i n k s  p e r m i t  o n l y  f o r c e s  a l o n g  t h e  l i n k  a x i s  t o  be  
measured. 'Lhe b e a r i n g s  t h a c  a r e  mounted on t h e  box a r e  s e l f -  
a l i g n i n g  . 
Bear ings  a t  e a c h  
-_ 
Three f l e x u r e s ,  p e r p e n d i c u l a r  t o  t h e  p l a n e  of t h e  f o r c e  
l i n k s ,  p reven t  any mot ion  of t h e  t ank  o u t  of t h a t  p l a n e .  The 












t h e  s p r i n g  c o n s t a n t  of t h e  load  c e l l s  and f o r c e  l i n k s .  There-  
f o r e ,  t he  e f f e c t  o f  t h e s e  f l e x u r e s  on t h e  f o r c e  s e n s e d  by t h e  
load  c e l l s  i s  i n s i g n i f i c a n t .  
The p l a t f o r m  of t h e  s l i d e r  i s  mounted t o  t h e  r a i l s  w i t h  
t h r e e  l i n e a r  b e a r i n g s ;  one under  t h e  camera and two unde r  t h e  
t a n k .  A c o n s t a n t  f o r c e  s p r i n g  motor p r o v i d e s  t h e  l a t e r a l  ac-  
c e l e r a t i o n  of t h e  s l i d e r .  A s p r i n g  motor w i t h  a f o r c e  of 3.34N 
(0.75 l b f )  a c c e l e r a t e d  t h e  s l i d e r  a t  a p p r o x i m a t e l y  0 .02g .  An 
e l e c t r i c  s o l e n o i d  was used t o  r e l e a s e  t h e  s l i d e r  a t  t h e  begin-  
n i n g  of t he  t e s t .  
2 .  u p  T e s t  F a c i l i t y  - The comple t e  d rop  c a p s u l e  i s  
shown i n  F i g u r e  1 1 - 7 .  Due t o  t h e  r a t h e r  h i g h  a c c e l e r a t i o n s  
b e i n g  used,  e v a c u a t i o n  of t h e  d r a g  s h i e l d  was n o t  n e c e s s a r y .  
A s imple  frame was mounted o v e r  t h e  t e s t  module r a t h e r  t h a n  
s e a l i n g  the  d rop  c a p s u l e  w i t h  i t s  c y l i n d r i c a l  c o v e r .  The s p r i n g  
motors  t h a t  p r o v i d e  t h e  a x i a l  a c c e l e r a t i o n  of  t h e  d r o p  c a p s u l e  
and a c r u s h  tube  a r e  mounted on t h e  coni .ca1  b a s e .  
The t o t a l  d rop  t e s t  sys t em i s  i l l u s t r a t e d  i n  F i g u r e  11-8. 
The c a b l e  f rom t h e  a x i a l  s p r i n g  motor i s  ex tended  and s e c u r e d  
t o  t h e  bot tom of t h e  d r a g  s h i e l d .  A f t e r  r e l e a s i n g  t h e  d r a g  
s h i e l d  from t h e  top  of t h e  23-meter (75 - foo t )  d r o p  tower ,  t h e  
d rop  c a p s u l e  i s  s i m u l t a n e o u s l y  r e l e a s e d  w i t h i n  t h e  d r a g  s h i e l d .  
A t  t h e  same t i m e  t h e  s o l e n o i d  i s  a c t u a t e d  r e l e a s i n g  t h e  s l i d e r .  
Both t h e  l a t e r a l  and a x i a l  s p r i n g  motors  a c c e l e r a t e  t h e  t e s t  
module throughout  t h e  d rop  t e s t .  The d r o p  c a p s u l e  impac t s  t h e  
d r a g  s h i e l d ,  w i t h  t h e  c r u s h  t u b e  a b s o r b i n g  t h e  i m p a c t ,  and t h e  
d r a g  s h i e l d  l a n d s  i n  a b i n  of wheat a t  t h e  end of t h e  t e s t .  
3 .  I n s t r u m e n t a t i o n  - The motion o f  t h e  l i q u i d  was re- 
co rded  w i t h  a 16-mm M i l l i k e i i  DBM-3a camera mounted on  t h e  
s l i d e r .  The f i l m  speed  was 200 f rames  p e r  s econd .  Immedia te ly  
b e f o r e  the  d r a g  s h i e l d  was r e l e a s e d ,  t h e  camera was s t a r t e d  and 
i t  was a u t o m a t i c a l l y  s topped  when t h e  d r a g  s h i e l d  impacted  t h e  
whea t . 
Quartz  c r y s t a l  l oad  c e l l s  (K i s t l e r  Model 912)  were used  t o  
measure t he  l i q u i d  f o r c e s .  l'hese load  c e i i s  have  a capac iEy  of  
2220N (500 l b f )  i n  t e n s i o n  and 22200N (5000 l b f )  i n  compress ion  
p rov id ing  tlie capa1) i l i  Ly o f  wi t l l s i and ing  Lhe impact  a t  t h e  end  
of tlic t e s t .  Pcalc, liigli F'~-cicluency ~ c c e l e r a t i o n s  of up t o  160g 
have been measured a i  i r n l ) n c . t .  Due t o  t h e i r  h i g h  d e g r e e  of 
l i n e a r i t y ,  tllcsc' 1 oad c c l l s  a r e  f u 1 . 1 ~  Cap;ible of  measur ing  the 
smal l  f o r c e s  d u c  l o  1 1 1 ~ :  1iqiLid moiioi i .  
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The l o a d  c e l l s  were mounted i n  t h e  f o r c e  measur ing  l i n k s .  
Low n o i s e  c a b l e s  were used  t o  feed t h e  o u t p u t  of t h e  load  c e l l s  
t o  c h a r g e  a m p l i f i e r s .  The charge  a m p l i f i e r s  were l o c a t e d  a b o u t  
h a l f  way up t h e  d rop  tower t o  minimize the  motion of  t h e  c a b l e  
a s  t h e  d r a g  s h i e l d  f a l l s .  The a m p l i f i e r s  were s e t  on long  t i m e  
c o n s t a n t  and t h e  most s e n s i t i v e  s c a l e  t h a t  cou ld  be accommo- 
d a t e d  t o  measure t h e  low ampl i tude  and low f r equency  f o r c e s .  
Each c h a r g e  a m p l i f i e r  i n p u t  was momentar i ly  grounded p r i o r  t o  
t h e  t e s t ,  s o  a l l  f o r c e s  were measured w i t h  respect t o  z e r o  a t  
one- g . 
The o u t p u t  of t h e  c h a r g e  a m p l i f i e r s  was f e d  i n  p a r a l l e l  
t o  b o t h  a t a p e  r e c o r d e r  and a c h a r t  r e c o r d e r .  I n  o r d e r  t o  
f i l t e r  o u t  t h e  v i b r a t i o n  induced by t h e  camera motor ,  a 10 Hz 
low-pass  f i l t e r  was used i n  the  a m p l i f i e r  f o r  t h e  c h a r t  re- 
c o r d e r .  
t e m  was accompl ished  w i t h  t h e  f i x t u r e  shown i n  F i g u r e  11-9 .  
Known we igh t s  were suspended from t h e  hook a t  v a r i o u s  p o s i t i o n s  
wi th  respect t o  t h e  f o r c e  l i n k s ,  t h e  o u t p u t  was r e c o r d e d  on t a p e  
and t h e n  p l ayed  back  on the c h a r t  r e c o r d e r .  
An end- to-end  c a l i b r a t i o n  of t h e  f o r c e  measur ing  sys -  
An a c c e l e r o m e t e r  (Columbia Model 302-2) was mounted on the 
s l i d e r  t o  a c c u r a t e l y  measure the a x i a l  a c c e l e r a t i o n  of  the d rop  
c a p s u l e .  The a c c e l e r o m e t e r  a l lowed t h e  e f f e c t  o f  d r o p  c a p s u l e  
d r a g  and p i s t o n  e f f e c t  due t o  i t s  mot ion  r e l a t i v e  t o  t h e  d r a g  
s h i e l d  t o  be measured.  It was found t h a t  t h e s e  e f f e c t s  a r e  
n e g l i g i b l e .  The o u t p u t  of  the a c c e l e r o m e t e r  was hand led  i n  a 
manner s i m i l a r  t o  t h e  load  c e l l s .  A low n o i s e  c a b l e  f e d  t h e  
o u t p u t  t o  a c h a r g e  a m p l i f i e r  and i t s  o u t p u t  was r e c o r d e d .  The 
c h a r g e  a m p l i f i e r  was grounded p r i o r  t o  t h e  t e s t  so  a l l  a c c e l -  
e r a t i o n s  were measured w i t h  respect t o  z e r o  a t  one-g.  
An a t t e m p t  was made t o  measure t h e  p r e s s u r e  of t h e  l i q u i d  
a t  v a r i o u s  p o i n t s  on t h e  t a n k  du r ing  the r e o r i e n t a t i o n .  A 
K u l i t e  m i n i a t u r e  t r a n s d u c e r  was used  w i t h  s i g n a l  c o n d i t i o n i n g  
and a m p l i f i c a t i o n  c o n f i g u r e d  t o  measure p r e s s u r e s  o v e r  a r ange  
of  0 t o  0.07N/cm2 ( 0 . 1  p s i ) .  The t r a n s d u c e r  c o u l d  be  mounted 
i n  any of  t h r e e  p o s i t i o n s ,  so  t h a t  i t  c o u l d  a lways  be l o c a t e d  
n e a r  t h e  f i n a l  e q u i l i b r i u m  p o s i t i o n  of t h e  r e o r i e n t e d  l i q u i d .  
I n i t i a l l y ,  t h e  t r a n s d u c e r  was exposed t o  the u l l a g e  g a s  and i t  
became submerged i n  l i q u i d  du r ing  t h e  t e s t .  I t  was found t h a t  
changes  i n  o u t p u t  produced by the somewhat c o o l e r  l i q u i d  con- 
t a c t i n g  t h e  t r a n s d u c e r  was of t?he same o r d e r  of magni tude 
expec ted  f o r  t h e  p r e s s u r e .  No u s a b l e  d a t a  was o b t a i n e d  f rom 
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D. DATA REDUCTION 
A l a t e r a l  f o r c e  (F1) and two v e r t i c a l  f o r c e s  (F2 and F3) 
11 -6 ) .  The t e s t  d a t a  was manually s c a l e d ,  and c o n v e r t e d  t o  a 
punch c a r d  d a t a  bank. The f o l l o w i n g  s t eps  were a p p l i e d  t o  e a c h  
s e t  of t e s t  d a t a  by a d a t a  r e d u c t i o n  program. 
were c o n v e r t e d  from v o l t a g e s  t o  f o r c e s  by t h e  a p p r o p r i a t e  s c a l e  
f a c t o r s .  To smooth t h e  d a t a ,  somewhat, i t  was l i n e a r l y  i n t e r -  
p o l a t e d  w i t h  respect  t o  t i m e  and a moving a v e r a g e  d i g i t a l  low 
p a s s  f i l t e r  was a p p l i e d  t o  t h e  d a t a  t o  remove 8 Hz t o  1 2  Hz 
n o i s e  g e n e r a t e d  by t h e  tes t  s u p p o r t  s t r u c t u r e .  F i g u r e  11-10 
d e p i c t s  t h e  shape  of  t h e  f i l t e r  u sed .  The f o r c e  t r i a d  was t h e n  
t r a n s p o s e d  i n t o  t h e  t a n k  t r i a d  a s  shown i n  F i g u r e  11-11. The 
f o l l o w i n g  s e t  o f  e q u a t i o n s  was used t o  pe r fo rm t h e  t r a n s p o s i -  
t i o n  , 
' were measured and r e c o r d e d  du r ing  t h e  d rop  tes ts  ( s e e  F i g u r e  
F1,  F2 and F3 
3 
FZI = F2 4 F 
FYI = F1 
= F b f F1c - F a 
2 3 
FZT = FZI c o s  8 X  - FYI s i n  8 X  
FY = FYI COS 8 X  i- FZ s i n  BX T I 
where s u b s c r i p t  (I) d e n o t e s  the  i n e r t i a l  t r i a d  and s u b s c r i p t  
(T) d e n o t e s  t h e  t a n k  t r i a d .  The r e s u l t s  were p l o t t e d  w i t h  
t i m e  a s  t h e  o r d i n a t e .  
To f a c i l i t a t e  comparison between t h e  t e s t  and a n a l y t i c a l  
r e s u l t s ,  t h e  t e s t  d a t a  was f u r t h e r  a d j u s t e d .  A s  p r e v i o u s l y  
mentioned,  t h e  f o r c e  guages r e g i s t e r e d  0 i n  l g  p r i o r  t o  t h e  
d r o p .  The a n a l y t i c a l  model r e c o r d s  t h i s  one-g f o r c e  a s  a nega- 
t ive  f o r c e  i n  t h e  ZI d i r e c t i o n .  To make t h e  a n a l y s i s  and t e s t  
r e s u l t s  c o m p a t i b l e ,  t h e  i n i t i a l  z e r o  t es t  f o r c e s  were c o n v e r t e d  
t o  n e g a t i v e  ZI f o r c e s .  
p r e d i c t e d  and measured f o r c e  t i m e  h i s t o r i e s .  
I I  I I  
T h i s  a l l o w s  d i r e c t  comparison between 
11-20 
I I I I 
7 1 2 3 4 5 6  
F i e u r e  11-10. D i g i t a l  F i l t e r  Shape 
zT T 
AF2 I F3t+a7b I 
F i g u r e  11- 11. C o o r d i n a t e  Systems 
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111. ANALYTICAL MODEL 
A two d imens iona l  mechanica 1 ana l o g  h a s  been developed  t o  
p r e d i c t  f o r c e s  and moments e x e r t e d  by a moving l i q u i d  on i t s  
c o n t a i n e r  w a l l s .  I n  p a r t i c u l a r ,  t h e  mechan ica l  a n a l o g  i s  de- 
s i g n e d  t o  p r e d i c t  t h e  f o r c e s  e x e r t e d  on a n  o r b i t a l  s p a c e c r a f t ,  
s u c h  a s  t h e  Space Tug, due t o  l a r g e  ampl i tude  p r o p e l l a n t  s l o s h  
i n i t i a t e d  by sma 11 a c c e l e r a t i o n s  induced  d u r i n g  docking  o r  
o t h e r  o r b i t a l  maneuvers.  Knowledge of  t h e s e  f o r c e s  i s  neces-  
s a r y  i n  t h e  d e s i g n  of s p a c e c r a f t  c o n t r o l  sys t ems  and docking  
mechanisms. 
The mechan ica l  a n a l o g  p o r t r a y s  t h e  l i q u i d  a s  a p o i n t  mass 
moving on a c o n s t r a i n t  s u r f a c e .  The c o n s t r a i n t  s u r f a c e  i s  de- 
te rmined  by s l o w l y  r o t a t i n g  the t a n k  ( a n a l y t i c a l l y )  i n  a one-g 
f i e l d ;  the c o n s t r a i n t  s u r f a c e  is  t h e  l o c u s  of  l i q u i d  c e n t e r  of 
mass (cm) l o c a t i o n s  p r e s c r i b e d  d u r i n g  t h e  r o t a t i o n ;  assuming 
t h e  f r e e  l i q u i d  s u r f a c e  i s  p l a n a r .  T h i s  c o n s t r a i n t  s u r f a c e  i s  
assumed t o  be ax is -symmetr ic  (wi th  the t a n k  body a x i s  s y s t e m ) ;  
hence ,  one quadran t  ( g o o )  i s  s u f f i c i e n t  t o  d e s c r i b e  t h e  e n t i r e  
s u r f a c e .  I n  the mechanica l  ana log ,  t h i s  c o n s t r a i n t  s u r f a c e  i s  
approximated  by piecewise con t inuous  e l l i p t i c a l  segments .  
the l i q u i d  c m  d e v i a t e s  s u b s t a n t i a l l y  f rom t h e  c o n s t r a i n t  s u r -  
f a c e ,  t h e  c o e f f i c i e n t s  of t h e  e l l i p s e  a r e  updated  i n  o r d e r  t o  
b r i n g  t h e  c m  back  t o  t h e  c o n s t r a i n t  s u r f a c e .  Fo r  some t a n k s  
and f i l l  volumes, i t  may be s u i t a b l e  t o  have a s i n g l e  e l l i p -  
s o i d  t o  approximate  t h e  c o n s t r a i n t  s u r f a c e  w h i l e  o t h e r s  may 
r e q u i r e  s e v e r a l  segments  t o  a p p r o p r i a t e l y  d e s c r i b e  i t .  
t h a t  t h e  l i q u i d  exer ts  on the c o n t a i n e r  r e s u l t  f rom i n e r t i a l  
r e a c t i v e  f o r c e s  and v i s c o u s  d i s s i p a t i v e  f o r c e s .  
When 
F o r c e s  
A .  EQUATIONS OF MOTION 
The two d imens iona l  e q u a t i o n s  of mot ion  f o r  t h e  coup led  
t a n k l f l u i d  sys t em a r e  s t a t e d  i n  c a n o n i c a l  f i r s t  o r d e r  form.  
T h i s  form of t h e  e q u a t i o n s  of motion f a l l  w i t h i n  a framework 
which w i l l  accommodate a n  e n t i r e  s p a c e c r a f t  even  though t h e  
f o l l o w i n g  d i s c u s s i o n s  a r e  l i m i t e d  t o  s i m u l a t i o n  of  t he  t e s t  
c o n f i g u r a t i o n .  The g o a l  i s  t o  v e r i f y  t h e  mechanica l  a n a l o g  
based  on t e s t  r e s u l t s .  Appendix A a d d r e s s e s  the e x t e n s i o n  of 
t h e  e q u a t i o n s  of mot ion  t o  the coup led  s p a c e c r a f t j t a n k j f  l u i d  
s y s  tern. 
111-2 
F i g u r e  111-1 d e p i c t s  t h e  r e l a t i o n s h i p  of t h e  t a n k  body and 
The i n e r t i a  1 c o o r d i n a t e  s y s  terns used i n  t h e  rnechanica 1 ana l o g .  
c o n s t r a i n t  s u r f a c e  and i t s  e l l i p t i c a l  a p p r o x i m a t i o n  a r e  a l s o  
shown. 
zT.fz 
E l l i p t i c a l  
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FIGURE 111- 1. COORDINATE SYSTEMS 
TI-,. c, lTolqnorJ 
vuIuI.L.c t h e  f l n i d  c m  c a n  he w r i t t e n  a s  follows: 
I$ 
d (VF) = x + r  
111- 3 
where: % = f l u i d  mass,  
- 
V = v e l o c i t y  v e c t o r  of t h e  f l u i d  c m  r e l a t i v e  t o  t h e  
i n e r t i a l  f r ame ,  
F 
- 
X = c o n s t r a i n t  f o r c e  normal t o  t h e  c o n s t r a i n t  s u r f a c e  
( i n e r t i a l  r e a c t i v e  f o r c e ) ,  
- 
f = v i s c o u s  d i s s i p a t i v e  f o r c e  on t h e  f l u i d  c m  t a n g e n t  
t o  t h e  c o n s t r a i n t  s u r f a c e .  
The f l u i d  c m  i s  c o n s t r a i n e d  t o  move i n  t h e  YT-ZT p l a n e  on t h e  
c o n s t r a i n t  s u r f a c e ,  approximated by e l l i p t i c a l  segments .  Hence, 
t h e  f l u i d s  v e l o c i t y  v e c t o r  must be i n s t a n t a n e o u s l y  t a n g e n t  t o  
t h e  approximated s u r f a c e .  This i s  e q u i v a l e n t  t o  w r i t i n g :  
- 
where: V = v e l o c i t y  v e c t o r  of t h e  p o i n t  on t h e  c o n s t r a i n t  a s u r f a c e  ( c o i n c i d e n t  w i t h  t h e  f l u i d  cm)  r e l a t i v e  
t o  t h e  i n e r t i a l  f rame,  
- 
VE = p l a n a r  g r a d i e n t  of t h e  c o n s t r a i n t  s u r f a c e  (ou t -  
ward norma1 v e c t o r ) ,  a A + 3 . 
a Y  a Z  
The v e l o c i t y  of  t h e  f l u i d  cm may be  d e f i n e d  a s  f o l l o w s :  
where:  V = magnitude o f  t h e  f l u i d  c m  v e l o c i t y  r e l a t i v e  t o  
t h e  c o n s t r a i n t  s u r f a c e  w i t h  t h e  t a n k  t r i a d  a s  a 
r e f e r e n c e ,  
F = u n i t  v e c t o r  t a n g e n t  t o  t h e  c o n s t r a i n t  s u r f a c e .  T 
111-4 
D i f f e r e n t i a t i n g  e q u a t i o n  (3) y i e l d s ,  
- 
where: A a = t h e  a c c e l e r a t i o n  v e c t o r  a p p l i e d  d u r i n g  t h e  h t e s t  
r e s o l v e d  t o  t h e  t a n k  t r i a d ,  = A .  + Ak 
a J 
Radius  of 
C o n s t r a i n t  
Segment 
S u r f a c e  
FIGURE 111-2.  DETERMINATION OF ZT 
From.kinematics  and F i g u r e  111-2,  we c a n  d e v e l o p  a n  e x p r e s s i o n  
f o r  FT a s  f o l l o w s :  
d s  
‘T d t  
- -   
d s  
d t  
- -  - P 0  
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Since  the f l u i d  c m  must move i n  the YT-ZT p l a n e ,  f rom e q u a t i o n s  
(6) and ( 7 ) ,  w e  c a n  w r i t e  
- 
where TN 
(8) i n t o  e q u a t i o n  (5) we have an e x p r e s s i o n  f o r  VT, 
x eT de te rmines  the s i g n  of 3 .  S u b s t i t u t i n g  e q u a t i o n  
0 
- - "T v = A  + irT eT + -  P (EN, x e T )  x eT) F a  
Combining e q u a t i o n s  (10) and ( l ) ,  we have t h e  g e n e r a l  e q u a t i o n  
of mot ion  of t h e  f l u i d  c m  r e p r e s e n t e d  i n  terms of t h e  t a n k  
c o o r d i n a t e  s y s  tern, 
n 
x e , )  xe ) = 2 ( T G )  (11) - "T 
T %  
A + VT er f - P ( (  ZN, 
a 
I n  o r d e r  t o  s o l v e  f o r  VT we can c o n v e r t  t o  a s c a l a r  e q u a t i o n  
by per forming  a v e c t o r  d o t  product  on e q u a t i o n  (11) w i t h P T .  
- 
Note: 3 X = 0 . . . . since they  a r e  p e r p e n d i c u l a r ,  T 
T 
- - 
e f = - f  ... since they  a r e  p a r a l l e l  and i n  o p p o s i t e  
d i r e c t i o n s  , 
f = magnitude of t h e  v i s c o u s  d i s s i p a t i v e  f o r c e .  
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. 
Solv ing  f o r  VT from e q u a t i o n  (12)  y i e l d s  
- - - - 
Note:  ( e N o  x eT) x eT = - e N o  . . . . u n i t  inward normal v e c t o r  t o  
t h e  c o n s t r a i n t  s u r f a c e ,  
hence ,  T - ( (  T N ~  x ZT) x -E T ) = VT - (--EN,) = 0 . . . . t h e y  a r e  
p e r p e n d i c u l a r .  
Equat ion  (13) c a n  now be r e w r i t t e n  a s  f o l l o w s ,  
If TT i s  d e f i n e d  i n  terms of  i t s  components,  g and h ,  i n  t h e  
t a n k  t r i a d ,  e q u a t i o n  (14) c a n  be w r i t t e n ,  iZT = f + A k t  
From e q u a t i o n  (15) we  n o t e  t h a t  VT i s  a f u n c t i o n  of  t h e  compo- 
n e n t s  of t h e  u n i t  t a n g e n t  v e c t o r ,  ZT. 
g and h ,  must v a r y  wi th  t i m e  i n  o r d e r  t o  keep FT t a n g e n t  t o  t h e  
c o n s t r a i n t  s u r f a c e  a s  t h e  f l u i d  c m  moves th rough  t h e  t a n k .  
Both of these components ,  
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C o n s t r a i n t  
Sur f  ace 
( U n i t  
Tangen t )  
P r o  i ec t ed 
e ( U n i t  Outward 
No Normal) 
FIGURE 111-3. ORIENTATION OF UNIT TANGENT AND OUTWARD NORMAL 
VECTORS TO THE CONSTRAINT SURFACE. D E F I N I T I O N  OFP . 
From F i g u r e  111-3, i t  c a n  be seen t h a t  a t  any i n s t a n t  of t i m e ,  
-ET i s  a t  a n  a n g l e  p w i t h  r e s p e c t  t o  t h e  .YT a x i s .  From F i g u r e  
1 1 1 - 2 ,  w e  n o t e  t h a t  
e q u a t i o n s  (6) and ( 7 1 ,  
/3 = 0 + 90°, hence /3 = 6 .  T h e r e f o r e ,  from 
From F i g u r e  111-3, w e  c a n  a l s o  w r i t e ,  
g = c o s  p 
h = s i n / 3  
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Equa t ion  (15) now c a n  be w r i t t e n ,  
-t V =-- - A c o s p  - A s i n p  T 5  j k 
Equa t ions  (16) and (18) a r e  t h e  s t a t e  e q u a t i o n s  f o r  t h e  f l u i d  
c m  and a r e  n u m e r i c a l l y  i n t e g r a t e d  t o  y i e l d  t h e  s t a t e  v a r i a b l e s  
VT and p -  The d i r e c t i o n  of t h e  u n i t  t a n g e n t  v e c t o r ,  e T ,  must 
b e  i n i t i a l l y  de t e rmined  i n  o r d e r  t o  b e g i n  i n t e g r a t i o n  of  equa- 
t i o n  (18) ( i . e . ,  P @ t=O). I n  t h e  mechan ica l  a n a l o g  VT i s  
always assumed z e r o .  
- 
0 
Note: = D'Alembert  F o r c e  Due To 
zT 
Appl i ed  A c c e l e r a t i o n  On L i q u i d  CM 
A c c e l e r a t i o n  
FI&JRE 111-4. INITIAL DIRECTION OF e T  
F i g u r e  111-4 d e l i n e a t e s ,  f o r  two i n i t i a l  c m  l o c a t i o n s ,  t h e  
i n i t i a l  d i r e c t i o n ,  Po,  of t h e  u n i t  t a n g e n t  v e c t o r ,  7 ~ .  
k i n e m a t i c s  w e  know t h a t  t h e  v e l o c i t y  v e c t o r  of  t h e  f l u i d  c m  
must i n i t i a l l y  havz a component i n  t h e  d i r e c t i o n  of t h e  




The D'Alcmbert  f o r c e ,  F ,  c a n  be shown t o  have t h e  same d i r e c t i o n  
a s  t h e  n e g a t i v e  of t he  a p p l i e d  a c c e l e r a t i o n ,  
- 
nJ -A F a 
The i n e q u a l i t y  i n  e q u a t i o n  (19) c a n  o n l y  be s a t i s f i e d  f o r  
0'1 1 Y I 190'. 
w i l l  n o t  move s i n c e  ii i s  r e q u i r e d  t o  move on t h e  c o n s t r a i n t  
s u r f a c e .  De te rmina t ion  of the  v a l u e  of  Po r e q u i r e s  some add i -  
t i o n a l  i n f o r m a t i o n  which i s  provided by t h e  f o l l o w i n g  e q u a t i o n .  
I n  t h e  mechanica l  a n a l o g ,  i f  Y = 90°, t h e  f l u i d  
Equa t ion  (21)  s t a t e s  t h a t  t h e  Langent v e c t o r  must be pe rpend i -  
c u l a r  t o  t h e  normal v e c t o r  a t  t h e  i n i t i a l  f l u i d  c m  l o c a t i o n .  
The s imul t aneous  s o l u t i o n  t o  e q u a t i o n s  (19) and (21)  , r e c a l l i n g  
e q u a t i o n  (17), p r o v i d e s  t h e  i n i t i a l  v a l u e  of /3 . 
- 
1. F l u i d  Force  DeLermination - The c o n s t r a i n t  f o r c e  X 
( i n e r t i a l  r e a c t i v e )  i s  de termined  by pe r fo rming  a v e c t o r  d o t  
p r o d u c t  o n  e q u a t i o n  (11) w i t h  t h e  u n i t  outward normal v e c t o r ,  
TN,. Where - - V E  
No 17 E( 
e = -  
r 
- - 
Note: eNo e = 0 .... they a r e  p e r p e n d i c u l a r ,  T 
- - 
e ~ ,  - f = 0 .... thcy a r e  p e r p e n d i c u l a r ,  
- - - - 
e N o  - ( (  e~~ x e ) x eT) = -1 . . . . t h e y  a r e  p a r a l l e l  and 
i n  o p p o s i t e  d i r e c t i o n s ,  T 
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- 
. A  = - A  .... assuming t h a t  the i n e r t i a l  r e a c t i v e  - 
f o r c e  a c t s  o p p o s i t e  t h e  outward 
norma 1. 
e N O  
Hence, e q u a t i o n  (22)  r e d u c e s  t o :  
I n  e q u a t i o n  ( 2 4 )  X i s  assumed t o  a c t  o p p o s i t e  t h e  outward 
normal v e c t o r  t o  t h e  c o n s t r a i n t  s u r f a c e .  I f ,  i n  f a c t ,  i t  
should  a c t  i n  t h e  same d i r e c t i o n  a s  t h e  outward normal  v e c t o r ,  
X w i l l  have a n e g a t i v e  s i g n .  For  example ,  a t  t = O ,  when VT=O, 
t h i s  c o n d i t i o n  o c c u r s .  T h i s  i n d i c a t e s  a l o a d  r e l i e f  on t h e  
p r o p e l l a n t  t a n k  and r e p r e s e n t s  t h e  a c  t u a  1 phenomena t h a t  o c c u r s ,  
p rovided  t h e  f l u i d  i s  i n i t i a l l y  o r i e n t e d  due  t o  some i n i t i a l  ac-  
c e l e r a t i o n  g r a d i e n t  and i s  n o t  i n i t i a l l y  i n  ze ro -g .  
- 
The v i s c o u s  d i s s i p a t i v e  f o r c e ,  f ,  i s  a r e a l  unknown. I t s  
c h a r a c t e r i s t i c s  a r e  n o t  w e l l - d e f i n e d ,  b u t  p r e v i o u s  i n v e s t i g a -  
t i o n s  (Refe rence  3) i n d i c a t e  t h a t  s i g n i f i c a n t  p a r a m e t e r s  may 
be k inemat ic  v i s c o s i t y ,  c h a r a c t e r i s t i c  l e n g t h ,  and g r a v i t a -  
t i o n a l  env i ronmen t .  The mechan ica l  a n a l o g  r e p r e s e n t s  f a s  a 
f u n c t i o n  of v e l o c i t y ,  V T ,  and t h e  i n e r t i a l  r e a c t i v e  f o r c e ,  X . 
The parameters  p and 7 a r e  v a r i a b l e s  i n p u t  t o  t h e  model. 
T h e i r  v a l u e s  may be approximated  f rom t e s t  d a t a  o r  by c o n s i d -  
e r a t i o n  of t h e  f l u i d  p r o p e r t i e s  and t a n k  c o n s t r u c t i o n .  
2 .  A d d i t i o n a l  Equa t ions  - The r a d i u s  of c u r v a t u r e  used  
i n  e q u a t i o n  (16) c a n  be de t e rmined  f rom t h e  e l l i p t i c a l  s u r f a c e  
e q u a t i o n .  
(26) 2 E = a~ + cz2 - 1 = 0, C o n s t r a i n t  S u r f a c e  
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S o l v i n g  e q u a t i o n  (26) f o r  Y :  
= [l -acz2] k 
The r a d i u s  of  c u r v a t u r e  i s  d e f i n e d  i?s, 
P , t cva lua ted  a t  t h e  
c m  l o c a t i o n  ( y , z )  
S i r n i l a r l y ,  p c a n  be d e f i n e d  a s  follows, 
In a d d i t i o n  t o  t h e  e q u a t i o n s  deve loped  above,  some o t h e r  
p o s i t i o n  v a r i a b l e s  a r e  d e s i r a b l e  f o r  programming p u r p o s e s .  I n  
p a r t i c u l a r ,  t h e  f l u i d  crn p o s i t i o n  ( y , z )  i n  t h e  t a n k  body s y s -  
tem i s  n2eded. The i n i t i a l  l o c a t i o n  (@ t=O) i s  de te rmined  by 
a Newton Fbphson i t e r a t i o n  on f l u i d  volume i n  s u b r o u t i n e  FLUNG, 
based  on a n  i n i t i a l  a c c e l e r a t i o n  f i ,  I d .  Once i n t e g r a t i o n  of 
t h e  e q u a t i o n s  of  motion b e g i n s ,  t h e  f l u i d  c m  l o c a t i o n  c a n  be  
de te rmined  from t h e  s u r f a c e  e q u a t i o n ,  e q u a t i o n  (26) , and the 
i n s t a n t a n e o u s  tangenc  v e c t o r ,  t ~ .  R e c a l l i n g  t h e  d e f i n i t i o n  
of  TT and E ,  we c a n  w r i t e  : 
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Combining e q u a t i o n s  (26) and (31) , w e  c a n  s o l v e  f o r  Z .  
I n  e q u a t i o n  (31) ,  p 
t i o n  wh i l e  a and c a r e  the  e l l i p s o i d a l  s u r f a c e  c o e f f i c i e n t s .  
From e q u a t i o n  (27 )  w e  c a n  d e f i n e  Y i n  terms of Z .  T h e r e f o r e ,  
e q u a t i o n s  (27) and (32) d e f i n e  t h e  magni tudes  o f  Y and Z .  
T h e i r  s i g n s  a r e  i n i t i a l l y  de t e rmined  by s u b r o u t i n e  FLUDCG and 
t h e n  de termined  by t r a c k i n g  f l u i d  c m  c r o s s i n g s  o f  t h e  YT and 
ZT axes .  
i s  a s t a t e  v a r i a b l e  de t e rmined  by i n t e g r a -  
The p o l a r  l o c a t i o n  o f  t h e  f l u i d  c m  c a n  now e a s i l y  be de- 
termined a s  f o l l o w s  ( F i g u r e  111-1 ) .  
R = [.’ 4- Z’] ’ ( 3 3 )  
9 = ARCTAN (“y) (34) 
The d e s i r e d  o u t p u t  of t h e  mechan ica l  a n a l o g  i s  t h e  t i m e  
h i s t o r y  of f o r c e s  e x e r t e d  on t h e  t a n k  and s u p p o r t s  by t h e  
moving f l u i d .  Equa t ions  (24) and ( 2 5 ) ,  A and f ,  d e f i n e  t h e  
f o r c e s  a c t i n g  on t h e  f l u i d  c m .  These f o r c e s  must be t r a n s -  
formed t o  t h o s e  a c t i n g  on t h e  t a n k  f o r  compar ison  w i t h  t e s t .  
I n  Chapter  11, t h e  t es t  c o n f i g u r a t i o n  was i d e n t i f i e d .  I t  
should  be  n o t e d  t h a t  t h e  f o r c e  measurement s y s t e m ,  load  c e l l s ,  
measures n o t  o n l y  the  f o r c e s  e x e r t e d  by t h e  moving f l u i d  b u t  
a l s o  i n e r t i a l  f o r c e s  due t o  t h e  t a n k  and s u p p o r t  s t r u c t u r e  
mass .  To f a c i l i t a t e  t h e  compar ison  between t e s t  and a n a l y t i -  
c a l  r e s u l t s ,  t h e s e  i n e r t i a l  f o r c e s  have  been  i n c l u d e d  i n  t h e  
mechanica l  a n a l o g .  The f o r c e s  and moment ( i n  t h e  t a n k  body 
system) c o r r e s p o n d i n g  t o  Chose measured i n  the t e s t s  may be 
e x p r e s s e d  a s  f o l l o w s  
111- 13 
where:  Ms = mass of t a n k  and s u p p o r t  s t r u c t u r e ,  
eNoj' eNok = components of t h e  u n i t  outward normal 
v e c t o r ,  
- A t - e N o  - eNoj J eNok 
3. Summary of Equat ions  t o  be Solved 
( 3 8 )  = - -f - A .  c o s  p - Ak s i n p  
'T MF J 
S t a t e  e q u a t i o n s  : 
P = -  'T ( 3 9 )  
P 
f = P x + ; P , V  2 0 I I  
FY = f c o s p  + X e N o j  - A .  Ms (42) 
J 
FZ = f s i n  p + X eNok - Ak Ms ( 4 3 )  
MX = (f s i n p  
A d d i t i o n a l  e q u a t i o n s :  P = ABS 
c o s  p + x e N  ) z 
(45) 
O j  
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z =  1 
- TAN p +  c C 2 2  
. a  
(3 = ARCTAN 
B .  COMPUTER PROGKAM: LAMPS (I,ARGE AMPLITUDE SLOSH) 
The e q u a t i o n s  p r e s e n t e d  i n  t h e  p r e v i o u s  s e c t i o n  have  been  
implemented f o r  computer  s o l u t i o n .  The program, LAMPS, h a s  
been w r i t t e n  i n  F o r t r a n  I V  c o m p a t i b l e  w i t h  t h e  MSFC Univac 
1108. S e v e r a l  s u b r o u t i n e s  f rom t h e  e x i s t i n g  FORMA (Reference  
4 )  l i b r a r y  a t  MSFC have been  used  i n  a d d i t i o n  t o  t h o s e  d e v e l -  
oped under t h i s  c o n t r a c t .  LAMPS p r o v i d e s  t i m e  h i s t o r y  p l o t s  
of  f o r c e s  f o r  compar ison  t o  t e s t  d a t a  i n  a d d i t i o n  t o  d e t a i l e d  
p r i n t o u t s  of s t a t e  and p o s i t i o n  v a r i a b l e  t i m e  h i s t o r i e s  which 
t r a c k  t h e  l i q u i d  c m  a s  i t  moves t h r o u g h  t h e  t a n k .  
1. Genera l  Comments on t h e  Computer S i m u l a t i o n  - F i g u r e  
111-5 d e l i n e a t e s  the g e n e r a l  mot ion  of  t h e  l i q u i d  c m  t h r o u g h  
t h e  tank on t h e  c o n s t r a i n t  s u r f a c e .  
The l i q u i d  t r a v e l s  on e l l i p t i c a l  segments  t h a t  a p p r o x i -  
mate the c o n s t r a i n t  s u r f a c e .  When t h e  c m  d e v i a t e s  f rom t h e  
c o n s t r a i n t  s u r f a c e  more Lhan a n  a l l o w e d  d i s t a n c e ,  i i ~ r  e l l i p s e  
i s  updated i n  o r d e r  t o  r e t u r n  t h e  c m  t o  t h e  c o n s t r a i n t  s u r f a c e .  
Tlic c r i t e r i a  f o r  u p d a t i n g  i s  e x p r e s s e d  a s  f o l l o w s :  
GRIT) ( R ( c s ) )  
100% ABS (R(cm) - R ( c s ) )  > 
( 4 8 )  
(49 )  
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Tank I n c l i n a t i o n  Angle 
C o n s t r a i n t  
I n i t i a l  L i q u i d  
CM L o c a t i o n  
* E l l i p t i c a l  
C o e f f i c i e n t s  Updated 
I n e r t i a l  
R e f e r e n c e  
FIGURE 111-5 .  MOTION OF L I Q U I D  CM I N  COMPUTER SIMULATION 
(EXAGGERATED) 
where: R(cm) = d i s t a n c e  from t h e  t a n k  c o o r d i n a t e  s y s t e m  o r i g i n  
t o  t h e  f l u i d  c m  ( F i g u r e  111-5) 
R(cs)  = d i s t a n c e  from t h e  t a n k  c o o r d i n a t e  s y s t e m  o r i g i n  
t o  t h e  c o n s t r a i n t  s u r f a c e  based  on t h e  f l u i d  
cm's c u r r e n t  ( F i g u r e  111-5) 
, 
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CRIT  = i n p u t  c r i t e r i a  t o  the program e x p r e s s i n g  t h e  
p e r c e n t  a l l o w a b l e  d e v i a t i o n  f rom t h e  c o n s t r a i n t  
s u r f a c e  based on d i s t a n c e  R ( c s ) .  
I f  t h i s  i n e q u a l i t y  i s  s a t i s f i e d ,  t h e  e l l i p s e  approx ima t ing  t h e  
c o n s t r a i n t  s u r f a c e  i s  upda ted .  The u p d a t e  i s  performed u s i n g  
t h e  c u r r e n t  f l u i d  c m  l o c a t i o n  and a p o i n t  on t h e  c o n s t r a i n t  
s u r f a c e  i n  the  d i r e c t i o n  of f l u i d  mot ion  ( r e p r c s e n t e d  by p o i n t s  
l a b e l e d  "u" i n  F i g u r e  111-5).  I n  m a t r i x  n o t a t i o n ,  t h e  updated  
e l l i p t i c a l  c o e f f i c i e n t s ,  a and c ,  a r e  d e f i n e d  a s  f o l l o w s  from 
t h e  g e n e r a l  e q u a t i o n  f o r  t h e  e l l i p s e  ( e q u a t i o n  2 6 ) :  
The a p p l i e d  a c c e l e r a t i o n s ,  A Y I  and A Z I ,  i n i t i a t e  and 
m a i n t a i n  the mot ion  of t he  f l u i d  cr,. These a c c e l e r a t i o n s  may 
be i n p u t  t o  t h e  program a s  c o n s t a n t s  o r  a s  f u n c t i o n s  of  t i m e .  
The on ly  r e s t r i c t i o n  t o  t h e  i n p u t  v a l u e s  i s  t h a t  A Y I  must n o t  
e q u a l  z e r o  a t  t i m e  z e r o .  
f l u i d  cm w i l l  n o t  move and t h e  program w i l l  t e r m i n a t e  execu-  
t i o n .  
I f  A Y I  i s  z e r o  a t  t ime z e r o ,  t h e  
2 .  Components of t h e  S i m u l a t i o n  Program - F i g u r e  111-6 
p r e s e n t s  a g e n e r a l  f l o w  c h a r t  of program LAMPS. The f u n c t i o n  
of the  s u b r o u t i n e s  used  i n  LAMPS i s  d e t a i l e d  below.  
SURF: Def ines  t h e  c o n s t r a i n t  s u r f a c e  t a b l e  by a n a l y t i -  
c a l l y  r o t a t i n g  t h e  t a n k  i n  a one-g f i e l d  and s t o r i n g  t h e  p o s i -  
t i o n  of the f l u i d  c m .  The t a n k  i s  assumed ax i s - symmet r i c ,  
hence ,  SURF o n l y  r o t a t e s  t h e  t a n k  t h r o u g h  90'. 
s t o r e d  a s  v a l u e s  of R(cs)  f o r  g i v e n  9 v a l u e s  ( c a l l s  FLUDCG). 
The t a b l e  i s  
FLUDCG: Def ines  t h e  i n i t i a l  f l u i d  c m  l o c a t i o n  ( t a n k  body 
systeiii) assiiriing AYI = 0 .  g ,  A Z I  = 1. g ,  3fid a c c n u n t i n g  for 
t a n k  i n c l i n a t i o n  a n g l e  0 X .  FLUDCG works f o r  g e n e r a l  c y l i n d r i -  
c a l  t anks  w i t h  h e m i - e l l i p s o i d a l  domes; i . e . ,  i n  t he  l i m i t  
c y l i n d r i c a l  t anks  and s p h e r i c a l  t a n k s .  A p l a n a r  f r e e  f l u i d  
s u r f a c e  is assumed and FLUDCG moves t h i s  s u r f a c e  around u n t i l  
t h e  c a l c u l a  t c d  f l u i d  volume ( t h r o u g h  numer i ca l  i n t e g r a t i o n )  
e q u a l s  the d c s i r c d  f l u i d  volume w i t h i n  a g i v e n  t o l e r a n c c .  The 
f r e e  s u r f a c e  i s  a lways  a l i g n e d  p a r a l l e l  t o  t h e  i n e r t i a l  p l a n e ,  
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ECOEF: Determines  t h e  e l l i p s e  which b e s t  approx ima tes  t h e  
c o n s t r a i n t  s u r f a c e  i n  t h e  r e g i o n  of t h e  f l u i d  c m .  ECOEF a l s o  
checks  t o  see i f  t h e  e l l i p s e  needs  u p d a t i n g  based  on t h e  u p d a t e  
c r i t e r i a  and u p d a t e s  i f  r e q u i r e d .  
- - ETAN: Def ines  t h e  i n s t a n t a n e o u s  u n i t  t a n g e n t  v e c t o r ,  eT,  
t o  t h e  e l l i p t i c a l  approx ima t ion  o f  t h e  c o n s t r a i n t  s u r f a c e .  
LOCATE: Determines t h e  l o c a t i o n  of t h e  f l u i d  c m ,  y and z ,  
a f t e r  the  f l u i d  b e g i n s  t o  move. The l o c a t i o n  i s  de te rmined  from 
t h e  s u r f a c e  e q u a t i o n  ( e q u a t i o n  26)  and e q u a t i o n ( 3 0 ) a s  shown i n  
e q u a t i o n s  (27) and (32 ) .  
YDOT: Def ines  t h e  d e r i v a t i v e s  o f  t h e  s t a t e  v a r i a b l e s ,  VT 
and p , f o r  u s e  i n  t h e  i n t e g r a t i o n  r o u t i n e .  
RKADAM: I n t e g r a t e s  t h e  e q u a t i o n s  of mot ion  ( d e f i n e d  i n  
YDOT) u s i n g  a f o u r t h . o r d e r  Runge K u t t a  ( G i l l  m o d i f i c a t i o n )  
a l g o r i t h m .  
IQUAD: F o r t r a n  F u n c t i o n  which d e t e r m i n e s  t h e  q u a d r a n t  
of  p . 
OUTPT: P r i n t s  t h e  r e s u l t s  of  t h e  a n a l y t i c  s i m u l a t i o n  a t  
t h e  time i n c r e m e n t s  s p e c i f i e d .  
TLMPLT: On o p t i o n ,  p l o t s  t i m e  h i s t o r i e s  i f  VT, VT, p , p , 
I n  a d d i t i o n ,  TLMPLT p l o t s  t h e  f l u i d  t r a v e l  , FY, FZ, and MX. 
th rough t h e  t a n k ,  Z v s  Y .  
I n  a d d i t i o n  t o  t h e  above s u b r o u t i n e s ,  which were w r i t t e n  
unde r  t h i s  c o n t r a c t ,  t h e  f o l l o w i n g  FORMA (Reference  4 )  subrou-  
t i n e s  a r e  a l s o  used :  COMENT, INV5, PAGHED, PLOT1, PLOTSS, 
READ, SMEQ1, START, TERP1, TERP2, VCROSS, VDOT, WRITE and 
ZZBOMB. 
3.  &put  Format  - The i n p u t  f o r m a t  for-LAMPS i s  d e f i n e d  
below a s  w e l l  a s  t h e  d e f i n i t i o n s  of t h e  i n p u t  and o u t p u t  v a r i a -  
b l e s .  
a r e  provided  i n  Appendix B .  



























































T I T L t l  = 
T I T L E Z  = 
X L  I 
TH f 








A C C t L  = 
ORIGINAL 
RUN NUMbEH PWINTED I N  PAGE H€PDING. 
T I T L E  C A N 0  P W I N f € U  I N  PAGE HEADING. 
T I I L E  C A H O  PRINTED I N  PAGE HEADING. 
LENGTH O F  PROPELLANT TANK CYLINDRICAL SECTION. (L  U N I T S )  
TANK RADIUS. (L  U N I T S )  
H E l O H T  OF TANK DOME FROM TOP Of CYLINOHICAL SECTION. (L  U N I T S )  
PEHCENTAGE TANK F I L L  .LE* 100. 
ANGLt IANK 15 ROTATED AROUT A - A X I S  I N  I N E H I I A L  ThIAD.  (OEGREkS)  
PROvELLANT DENSITY. ( F  UNITS*SEC**2/L U N I T S * * 4 )  
NUMHER OF RAOIAL INTEGRATION INCREMEhTS ON TANK RADIUS FOR 
D E I t N M I N I N G  TANK CG* SUGGEST NH= 50. 
NUMUER OF ANGULAR INTEGRATION INCREMENTS AROUNU TANK 
CIRCUMFERENCE FOR DETERMINING TANK CGc SUGbEST NTHETr 5 0 .  
O r  HEAD I N  A TABLE OESCRIHING CONSTRAINT SURFACF (pH1 V S  R ) .  
EF NE AN AXIS-SY METRIC C 5 T R  I T SURF 
N *  t8"@ Efbkct: I A  A TAPLE A S  P!I vs R dY!'p+ N ~ & E  V A L B E I E  
dF P H I  FROM 0 TO 90 DEG. (N.bT.O.LE.20.) 
l r  NORMAL PRINTOUT. 
2 9 P ULL CHECKOUT PW I N  TOlJT 
0 9  NO PLOTS WILL HF GEYERATED. 
l e  ~ E N F R A T E  TIME h I S T L 1 R Y  PLOTS OF VTOOT~VTIBETAOOT~BETA, 
I T L H A T I O N  CUlOFF (PEHCENT F L U I D  VOLUME) FoH I N I T I A L  CALCULAT- 
LAMPS WILL PRINT E V W Y  WPRINT(TH) TIME POINT. 
C ' Y * F Z * M X  AND F L U I D  P O S I T I O N  Y VS Z.  
I O N  OF F L U I D  C 6 *  SUGGEST V X X '  2 0 0 .  
UPDATE C R I T E R I A  9 PERCEhlTAGL U E V I A T I O N  FROM R ( T A B L E )  ALLOWFD. 
I F  / U ( A C T U A L ) - ~ ( T A B L E ) / . G ~ . ( ~ W ~ T * R ( T A B L ~ ) / I ~ O . )  UPUATE. 
T I M t  INCREMENT FOR INTEGRATING THE EQUATIONS OF 14011ON.(SEc) 
T I M t  CUTOFF FOH PHObRAM TERMINATION. ( S k C )  
APPLfE t I  Y ACCELFHATION I N  IhlkWTIAL TR lAd . (L  U N l T S / b t C * * ? )  
MUST NOT EQIJAL 0. 
Y9Y.rREAL) I N  T I M k  HlSTOPY ACCELEHATION TABLE.(ACCEL) 
APPLIED Z ACCELkNATION I N  I N E R T I A L  THIAU.(L UNIT5 /SEC**2 )  
99Y.cHkAU I N  T I W E  HISTORY ACCLLEPATION rAHLE.(ACCEL) 
C O t F .  WHICH M E L A T E S  FWICTTON FOWCE T O  I N E R T I A L  FORCE.(N,D.) 
COkF. ~ H I C H  WELATES F H I C T I O h  FUHCE 10 Ct lvTkH OF MASS 
VELOCITY. (F  U N I T S * S E C / I  O N I T S )  
STHUCTURAL MASS ASSUMED INERT A T  CENTER UF TANK TRIAD. 
S M A b S  IS T A N K  STRUCTURE PASS AND I S  U b t O  Ifv CALCULATING 
FOHCtS F O H  COMPAHISUN HITH T t b r  I J A T A .  ( F  U N I T S * S F C * * ~ / L  ( I N I T S )  
HATNIX OF A C C E L E ~ A T I O N  T I M E  H I S 1 O H I t S  R t a O  I F  k l T H k H  AYI OR 
Alf.kd.999, U T H t W  VALUES OF LITHER A Y I  O H  A L 1  4XLL OVERQICIF: 

































D E F I N I T I O N  OF OUTPUT PAHAMETEHS 
TIM€ = SIMULATION T I M k .  ( S E C )  
VTDOl = FLUIO CM ACCELERATION. (L  U N I T S / S E C * * ~ )  
eETAlidT= ANliULAH V E L O C I ~ Y  OF VELOCITY VECTOR. (DE6RkES/skC) 
BETA = ANGLt THE VELOCITY V E C T n R  MAKES d I T H  THE TANK T R I A L )  Y A X I S  
X , V * L  = F L U I D  CM LOCATION I N  TANK TFt IAO.  ( L  UNITS)  
W = RAOlAL OISTANCL FROM TANK T R I A I )  ORIGIN  10 FLUID C M o  (L  UNITS)  
P H I  x F L U I D  CM LOCATION AS ANGLE MEASUREO F R O M  TANK T R I A O  Y A X I S  
AYqAL = APPLIED ACCELERATIONS A Y I  AND A Z I  TRANSFOHMEP T O  T W  TANK 
A C O t C C O =  COEFS. I N  E L L I P T I C A L  SURFACE EQUATION FOk THE E L L I P T I C A L  
~ o o - ~ o o o ~ ~ ~ - - ~ ~ ~ ~ o - o ~ o ~ - - ~ ~ ~ - ~ o  
V T  F L U I D  CM V E L O C I T Y .  ( L  UNITS/SEC) 
( D ~ ~ R E ~ S . G E . O I O L E O ~ ~ O . )  
T O  HADIAL V t C T O R  R. (DEGREES)  
TRIAD. ( L  UNITS/SEC**L) 
SEGMENT HEPRESENTING THF CONSTRAINT SURFACk. (N.D.1 
A C ~ * Y * * 2 * C C O * Z 9 * =  1 0 0  
RHO = RAUlUS OF GYRATlON UF THE F L L I P T I C 4 L  SURFACE A T  XvY,X.  
TANGENT= J AND t( AHE COMPONENTS OF THE IWSTANTANEOUS UNIT  TANGENT 
NORMAL = J AND K ARE COMPONFNTS OF THE INSTANTANTAN~~OUS NIT NOAHAL 
( L  UNITS) 
























VECfOA TO THE E L L I P T I C A L  SEGMENT. (NoO.1 
= FORCES EXERTED ON TANK SUPPOHTS DUE TO F L U l O  MOTION AND TANK 
STWuCT. INERTIAL  FORCES, IN TANK TRIAD. ( F  UNITS)  
= u, MODEL FREE T O  UPOATE E L L I P T I C A L  SURFACC A T  NILL. 
0 MOMtNT FXERTEU ON TANK SUPPORTS DUE To FLUID MOTIONI I N  
TANK ThIAU. ( L  UNITS*F UNITS) 
l e  LAST UPDATE PERFORMED U N T I L  BETA ENTkHS A Nkb QUADRANT. 
~ L U I D  CN IS OUTSIDF TANGENT T O  CONSTRAINT S U R F A C ~  A T  
A X I S  INTFRCEPT, HENCE NO UPUATE I S  Pk4FURHEIJo 
FLUID LM EXCE€O C R I T  CRITERIA AND I S  WITHIN 20 V t G Q F F S  
O F  AN AXIS  INTERCEPT. 
k L U I D  CM EXCEkDS C R I T  CRITERIA BUT 1s WITHIN 1 UEG OF 
A X I S  INTERCkPT, HENCF NO UPDATE 1s PEHFORMEO. 
29 L A S T  UPDATE PERFORMED U N T I L  BETA ENTERS A NEW OU4DRANT. 
p 39 LAST UPDATE PERFORMED UNTIL  BETA ENTtNS A NEW QUADRANT. 
0 ,  NO UPDATE YAS PERFORMED A T  LAST TIME POINT. 
1, UPDATE WAS PERFORMED A T  LAST TIME POINT. 
QUADRANT OF THE ANGLE RETA.(1,2,3r4) 
= QUAUHAlJT OF THk ANGLE P H I O ( l * 2 * 3 r 4 )  
c 1 )  Id€ UNITS OF THE OUTPUT PARAMFTERS ARE OEPENOANT ON THE UNITS OF 




I V - 1  
I V .  TEST/ANALYTICAL CORRELATION 
T h i s  c h a p t e r  p r e s e n t s  a d i s c u s s i o n  of  t h e  t e s t  r e s u l t s  and 
p r o v i d e s  a compar ison  of  ana l y t i c a  1 p r e d i c t i o n s  w i t h  t e s t  d a t a  . 
Appendix C p r e s e n t s  a l l  measured f o r c e  t i m e  h i s t o r i e s  a l o n g  
w i t h  t h o s e  g e n e r a t e d  by the  d i g i t a l  s i m u l a t i o n  (Program LAMPS) 
assuming no v i s c o u s  d i s s i p a t i v e  f o r c e .  I n  a d d i t i o n ,  Appendix C 
i n c l u d e s  a t e s t  l o g  which d e l i n e a t e s  any problems a s s o c i a t e d  
w i t h  i n d i v i d u a l  t es t s  and a q u a l i t a t i v e  a p p r a i s a l  of t h e i r  
wor th .  
A .  OBSERVATIONS ON LIQUID MOTION 
The motion o f  t h e  l i q u i d  observed  i n  t h e  t e s t s  adds  t o  t h e  
b a s i c  u n d e r s t a n d i n g  of t h e  manner i n  which t h e  l i q u i d  moves 
d u r i n g  p r o p e l l a n t  r e o r i e n t a t i o n  i n  a t a n k .  I n  some o f  t h e  
e a r l y  work i n  t h i s  a r e a  (Reference 5 > ,  t h e  a p p l i e d  a c c e l e r a t i o n  
was p u r e l y  a x i a l .  When t h e  l i q u i d  i n t e r f a c e  was i n i t i a l l y  f l a t ,  
i t  was found t h a t  i f  t h e  Bond number was less t h a n  10, the 
l i q u i d  r e o r i e n t e d  a l o n g  t h e  t ank  w a l l s .  I f  t h e  Bond number was 
g r e a t e r  t h a n  10 ,  a n  i n s t a b i l i t y  formed i n  t h e  c e n t e r  of t h e  i n -  
t e r f a c e .  T h i s  i n s t a b i l i t y  h a s  t h e  form of a c y l i n d r i c a l  column 
t h a t  t r a v e l s  th rough t h e  c e n t e r  of  t h e  t a n k  t o  t h e  o p p o s i t e  e n d .  
T h i s  phenomena was s t u d i e d  i n  f u r t h e r  d e t a i l  (Reference  6)  by 
t i l t i n g  t h e  t a n k  s l i g h t l y  o f f - a x i s  f rom t h e  a p p l i e d  a c c e l e r a -  
t i o n .  These t e s t s  demonst ra ted  t h a t  t h e  i n s t a b i l i t y  w i l l  j o i n  
t h e  w a l l  f l o w  when the misa l ignment  of t h e  a c c e l e r a t i o n  and 
t a n k  i s  a s  s m a l l  a s  one d e g r e e .  When t h e  i n i t i a l  i n t e r f a c e  i s  
h i g h l y  c u r v e d ,  i t  was found t h a t  t h e  c e n t r a l  i n s t a b i l i t y  d i d  
n o t  form o v e r  a r ange  of Bond numbers f rom 3 t o  450 (Refe rences  
7 and 8 ) .  
I n  t h e  t es t s  performed f o r  t h i s  s t u d y ,  t h e  p o t e n t i a l  f o r  
t h e  f o r m a t i o n  of  t h e  c e n t r a l  i n s t a b i l i t y  was p r e s e n t  s i n c e  t h e  
Bond number was l a r g e  and t h e  i n i t i a l  i n t e r f a c e  was f l a t .  Two 
f a c t G r s  were i n t r o d u c e d  i n t o  t h e  tes ts  t o  p r e v e n t  t h e  i n s t a -  
b i l i t y  f rom f u l l y  forming .  F i r s t ,  t h e  t a n k  was o r i e n t e d  a t  a n  
a n g l e  t o  t h e  a x i a l  a c c e l e r a t i o n  f o r  most  o f  t h e  t e s t s  ( t h e  t a n k  
was o r i e n t e d  a x i a l l y  f o r  some of  t h e  t e s t s ) .  Hence, a n  e f f e c t  
s i m i l a r  t o  t h a t  obse rved  by Bowman (Refe rence  6) was e x p e c t e d ,  
i n  t h a t  t h e  l a c k  of  symmetry c a u s e s  t h e  i n s t a b i l i t y  t o  be d i s -  
p l a c e d  toward t h e  t a n k  w a l l .  S u r f a c e  t e n s i o n  a p p e a r s  t o  be t h e  
f o r c e  t h a t  c a u s e s  t h i s  d i sp l acemen t  of  t h e  i n s t a b i l i t y .  I n  
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a d d i t i o n ,  a l a t e r a l  a c c e l e r a t i o n  t h a t  a c t e d  p e r p e n d i c u l a r  t o  
t h e  a x i a l  a c c e l e r a t i o n  was a lways  a p p l i e d .  I n  some of t h e  tes ts  
the s l i d e r  d i d  n o t  f u n c t i o n  p r o p e r l y  and r a t h e r  t h a n  a p p l y i n g  a 
l a t e r a l  a c c e l e r a t i o n ,  on ly  a s h o r t  d u r a t i o n  l a t e r a l  p u l s e  was 
a p p l i e d ;  t h i s  p u l s e  was s u f f i c i e n t  t o  produce t h e  d e s i r e d  f l u i d  
motion;  namely, the  f l u i d  adhered  t o  the  t a n k  w a l l  d u r i n g  r e o r -  
i e n t a  t i o n .  
I n  e v e r y  t es t  t h e  l i q u i d  r e o r i e n t e d  a l o n g  t h e  t a n k  w a l l ,  
r e g a r d l e s s  of t h e  t a n k  o r i e n t a t i o n  and magnitude o f  t h e  l a t e r a l  
a c c e l e r a t i o n .  Fo r  some tests, i n i t i a l  f o r m a t i o n  of a n  i n s t a -  
b i l i t y  cou ld  be observed  (F igu re  IV-l,3). However, i t  q u i c k l y  
j o i n e d  the f low of l i q u i d  a l o n g  t h e  w a l l  and d i s a p p e a r e d .  The 
l e a d i n g  edge of the f low adhered  s t r o n g l y  t o  t h e  t a n k  w a l l ,  
f o l l o w i n g  t h e  w a l l  a s  i t  e n c i r c l e d  t h e  t a n k .  Apparen t ly ,  a 
s m a l l  l a t e r a l  a c c e l e r a t i o n  o c c u r r i n g  a s  t h e  l i q u i d  f i r s t  b e g i n s  
t o  move i s  a l l  t h a t  i s  r e q u i r e d  t o  keep t h e  l i q u i d  moving a l o n g  
t h e  w a l l  t h roughou t  t h e  r e o r i e n t a t i o n .  
A s  t h e  l i q u i d  began t o  move, t h e  f l u i d  i n t e r f a c e  remained 
r e l a t i v e l y  f l a t  s o  the  motion appeared  a s  a r o t a t i o n  of t h e  
i n t e r f a c e  a b o u t  t he  t a n k  c e n t e r .  Once t h e  l e a d i n g  edge of  t h e  
f low reached  the  t a n k  dome, t he  f l u i d  i n t e r f a c e  began t o  ac -  
q u i r e  some c u r v a t u r e .  The l i q u i d ,  i n  g e n e r a l ,  o v e r s h o t  i t s  
f i n a l  e q u i l i b r i u m  p o s i t i o n ,  c o n t i n u i n g  on around t h e  t a n k ,  re- 
c i r c u l a t i n g  a s m a l l  pe rcen tage  of t h e  l i q u i d .  Very l i t t l e  
s p l a s h i n g  of the l i q u i d  was obse rved ,  and t h e  l e a d i n g  edge of 
t h e  l i q u i d  remained a t t a c h e d  t o  t h e  t a n k  w a l l .  
t i m e  a v a i l a b l e ,  t h e  l i q u i d  was observed  t o  r e o r i e n t ,  o v e r s h o o t  
t h e  e q u i l i b r i u m  p o s i t i o n  and come t o  a h a l t .  
o s c i l l a t i o n  of t h e  l i q u i d  a b o u t  i t s  e q u i l i b r i u m  p o s i t i o n  cou ld  
n o t  be observed  due  t o  t e s t  t ime l i m i t a t i o n s .  
During the  t e s t  
Subsequent  damped 
A t y p i c a l  tes t  i s  shown i n  F i g u r e  I V - 1 .  T h i s  i s  t e s t  num- 
b e r  8 i n  which t h e  l i q u i d  volume was 50%, t h e  t a n k  was i n c l i n e d  
a t  60° and t h e  s m a l l e r  o f  t he  two a x i a l  a c c e l e r a t i o n s  was ap- 
p l i e d  t o  the  t a n k .  
r.n. ,. - 
w l l c I l  thc l i q u i d  VC~UEP- was ? 5 X ,  the r e o r i e n t a t i o n  of t h e  
l i q u i d  was s i m i l a r  t o  t h a t  d e s c r i b e d  above ,  except t h a t  t h e  
u l l a g e  assumed t h c  form o f  a bubble  and moved t o  t h e  o p p o s i t e  
end o f  t he  t a n k .  The bubble  fo l lowed  t h e  t a n k  w a l l  a s  i t  moved. 
I t s  s u r f a c e  was h i g h l y  i r r e g u l a r  due t o  t h e  f l o w  of  l i q u i d  a b o u t  
the bubble .  A t  t he  end of t he  t e s t  t h e  bubble  had become some- 
what f l a t t e n e d  and the  c e n t e r  of g r a v i t y  of t h e  l i q u i d  had over -  
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With t h e  manner of r e o r i e n t a t i o n  produced i n  t h e s e  t e s t s ,  
a geyse r  d i d  n o t  form a t  t h e  r e o r i e n t e d  p o s i t i o n  of t h e  l i q u i d .  
Geyser f o r m a t i o n  was c a t e g o r i z e d  i n  Refe rence  7 f o r  p u r e l y  
a x i a l  a c c e l e r a t i o n .  T h i s  i s  a n o t h e r  phenomena of  p r o p e l l a n t  
r e o r i e n t a t i o n  t h a t  i s  e l i m i n a t e d  by a s l i g h t  o f f - a x i s  d i s t u r -  
bance  t o  the  l i q u i d  f l o w .  
As the r e o r i e n t e d  l i q u i d  meets t h e  top  of  t h e  t a n k  due t o  
a p u r e l y  a x i a l  a c c e l e r a t i o n ,  a g e y s e r  may be formed t h a t  t r a -  
v e l s  through t h e  c e n t e r  of t he  t a n k .  L i q u i d  i s  r e t u r n e d  t o  
t h e  boLtom of  t h e  t a n k  by t h i s  g e y s e r .  The c o n d i t i o n s  unde r  
which a g e y s e r  would be e x p e c t e d  were c a t e g o r i z e d  i n  Refe rence  
7 .  No g e y s e r  was obse rved  i n  any  of t h e  t e s t s  conduc ted  f o r  
t h i s  program. The l a t e r a l  a c c e l e r a t i o n  caused  t h e  l i q u i d  t o  
f l o w  a long  one s i d e  of t h e  t a n k ,  e l i m i n a t i n g  t h e  j o i n i n g  o f  
t h e  f low a t  t he  top OF t he  t a n k  t h a t  c a u s e s  g e y s e r  f o r m a t i o n .  
B .  DISCUSSION OF TEST/ANALYTICAL CORRELATION 
I n  g e n e r a l ,  i t  i s  € e l t  t h a t  t h e  f o r c e s  measured d u r i n g  t h e  
d rop  t e s t i n g  a r e  v a l i d .  However, due t o  t h e  s m a l l  l i q u i d  mass 
and low a c c e l e r a t i o n  l e v e l s  i n  t h e  t e s t ,  f o r c e  r e s o l u t i o n  was a 
d e f i n i t e  problem. A s t u d y  of t h e  t e s t  r e s u l t s  shows t h a t  much 
b e t t e r  f o r c e  d e f i n i  t i o n  was o b t a i n e d  w i t h  t h e  l a r g e r  a x i a l  ac-  
c e l e r a t i o n .  L a t e r a l  f o r c e s  were much s m a l l e r  t h a n  a x i a l  f o r c e s  
due t o  t h e  1-g a x i a l  l oad  r e l i e f  a t  d rop  i n i t i a t i o n  and t h e  
l a r g e r  a x i a  1 a c c e l e r a t i o n s  a p p l i e d .  Hence, t h e  l a  t e r a  1 load  
c e l l  (#l, F i g u r e  11-6)  was s e t  a t  a v e r y  h i g h  s e n s i t i v i t y  i n  
o r d e r  t o  r e s o l v e  t h e s e  s m a l l  f o r c e s .  T h i s  h i g h  s e n s i t i v i t y  
i n c r e a s e d  t h e  s u s c e p t a b i l i t y  of  t h e  l a t e r a l  l o a d  c e l l  t o  v i -  
b ra  t i o n s  due t o  b e a r i n g  n o i s e ,  s u p p o r t  s t r u c  Lure v i b r a t i o n s  , 
e t c .  Some of t h i s  n o i s e  was reduced  o r  e l i m i n a t e d  by d i g i t a l  
f i l t e r i n g  a s  d i s c u s s e d  i n  Chapter I. T h i s  n o i s e  i s  most ev i -  
d e n t  i n  FY f o r  a t a n k  i n c l i n a t i o n  of  0 , and FZ f o r  a t a n k  
i n c l i n a t i o n  of 90'. F o r  o t h e r  t a n k  i n c l i n a t i o n s  t h e  n o i s e  i s  
masked by the  r e l a t i v e l y  l a r g e  a x i a l  l o a d s .  
0 
The moment, MX, c a l c u l a t e d  from measured f o r c e s  i s  h i g h l y  
s u s p e c t  due t o  the  s m a l l  d i t i e r e n c e s  between l o a d  c e l l s .  Small  
e r r o r s  c a n  c o m p l e t e l y  change the  s i g n  and  c h a r a c t e r  o f  Lhe 
measured moment. I t  i s  f e l t  t l i < i i  mole mean ingfu l  compar isons  
c a n  be rri,ide between Lest and a 1 i ~ i l y L i c ~ 1 1  f o r c e s  (FY, FZ) t l u n  
between Lest and L i n a l y t i c c i l  v a l u e s  € o r  MX. 
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F i g u r e s  I V - 2  t h rough  I V - 7  p r e s e n t  compar isons  o f  t e s t  d a t a  
and a n a l y t i c a l  p r e d i c t i o n s  ( F Y ,  FZ) f o r  t h e  l a r g e  a x i a l  a c c e l -  
e r a t i o n  ( z . 0 9 g )  and a t a n k  i n c l i n a t i o n  of 0 . Comparisons a r e  
shown f o r  l i q u i d  f i l l  volumes of lo%, 25%, 50% and 75%. I n  ad- 
d i t i o n ,  compar isons  of measured and p r e d i c t e d  moment, MX, a r e  
shown i n  F i g u r e s  IV-4 and I V - 6 .  F i g u r e  I V - 8  shows compar isons  
f o r  25% l i q u i d  f i l l  and a t a n k  i n c l i n a t i o n  of 45'. 
0 
I n  g e n e r a l ,  t h e  c h a r a c t e r  of t h e  p r e d i c t e d  and measured 
f o r c e  t i m e  h i s t o r i e s  a r e  s i m i l a r .  P r e d i c t e d  v a l u e s  o f  t h e  
f o r c e  t i m e  h i s t o r i e s  were r u n  assuming s e v e r a l  v a l u e s  f o r  7 
(Chap te r  111, e q u a t i o n  2 5 ) ;  p was always assumed t o  be  z e r o .  
A s t u d y  of t h e  compar isons  i n d i c a t e s  t h a t  t h e  assumed form f o r  
t h e  v i s c o u s  d i s s i p a t i v e  f o r c e  ( e q u a t i o n  25) i s  n o t  o p t i m a l  f o r  
the s i m u l a t i o n .  A s  mentioned i n  C h a p t e r  111, t h e  form of t h i s  
f o r c e  i s  n o t  w e l l  known. An i n - d e p t h  i n v e s t i g a t i o n  i n t o  i t s  
fo rm was beyond t h e  scope  o f  t h i s  s t u d y ,  however, i n d i c a t i o n s  
a r e  t h a t  i t  may be n o n - l i n e a r .  
O b s e r v a t i o n  of the p r e s e n t e d  compar isons  shows t h a t  t h e  
p r e d i c t e d  f o r c e  t i m e  h i s t o r i e s  , t r end-wise  match t h e  measured 
t i m e  h i s t o r i e s .  Al though,  i n  g e n e r a l ,  p r e d i c t e d  f o r c e s  a r e  of 
h i g h e r  magnitude t h a n  t h o s e  measured. I n c r e a s i n g  7 r e d u c e s  
t h e  p r e d i c t e d  magnitude b u t  a l s o  i n d u c e s  t i m e  l a g  which de- 
g r a d e s  c o r r e l a t i o n .  Two p o s s i b l e  model improvements w i l l  most 
l i k e l y  improve c o r r e l a t i o n .  The f i r s t  i s  an  improved form f o r  
t h e  v i s c o u s  d i s s i p a t i v e  f o r c e  a s  d i s c u s s e d  above. The second 
i s  t h e  r e l i e v i n g  o f  t h e  c o n s t r a i n t  t h a t  t h e  f l u i d  c m  must a l -  
ways f o l l o w  t h e  c o n s t r a i n t  s u r f a c e .  I n  t h e  i n i t i a l  moments of 
t h e  d r o p ,  t h e  obse rved  i n s t a b i l i t y  ( S e c t i o n  A of t h i s  c h a p t e r )  
i n d i c a t e s  t h a t  t h e  l i q u i d  cm a c t u a l l y  f o l l o w s  a t r a j e c t o r y  i n -  
t e r i o r  t o  t h e  assumed c o n s t r a i n t  s u r f a c e .  I n c o r p o r a t i o n  of 
t h i s  c a p a b i l i t y  of t r a j e c t o r y  t r a v e  1 and improved v i s c o u s  f o r c e  
a e f i n i t i o n  would i n t u i t i v e l y  improve t i m i n g  and f o r c e  level  c o r -  
re l a  t i o n .  
The a n a l y t i c  s i m u l a t i o n  appea r s  t o  work b e s t  f o r  s m a l l e r  
l i q u i d  f i l l  volumes. T h i s  may be  i n t u i t i v e  a s  per t h e  d i s c u s -  
s i o n  of l i q u i d  motion i n  S e c t i o n  A o f  t h i s  c h a p t e r .  The simu- 
l a t i o n  assumes t h a t  t h e  f l u i d  i s  a p o i n t  mass moving on a 
c o n s t r a i n t  s u r f a c e  o b t a i n e d  by s low r o t a t i o n  o f  t h e  t a n k  main- 
t a i n i n g  a f l a t  l i q u i d  i n t e r f a c e .  I n  l a r g e  f i l l  volumes ( i . e . ,  
75%) t h e  l i q u i d  motion was more c h a r a c t e r i z e d  by a moving u l -  
l a g e  bubb le .  T h i s  i s  e v i d e n t  i n  t h e  r i g i d  body type  f o r c e s  
t h a t  were measured a s  shown i n  F i g u r e  I V - 7 .  L i q u i d  mot ion  
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observed  f o r  f i l l  volumes f rom 10% t o  50% was more r e p r e s e n t a -  
t i ve  of t h a t  assumed i n  t h e  s i m u l a t i o n  (see F i g u r e  I V - 1 ) .  
The l i q u i d  c m  l o c a t i o n  c a n  a l s o  be used  i n  c o r r e l a t i n g  
t e s t  and p r e d i c t i o n  d a t a .  LAMPS p r o v i d e s  t i m e  h i s t o r y  cm p o s i -  
t i o n  d a t a  which c a n  be compared t o  s c a l e d  p h o t o g r a p h i c  r e c o r d s  
of t he  t es t s  I n  g e n e r a l ,  l i q u i d  c m  l o c a t i o n  t i m e  h i s t o r y  c o r -  
r e l a t i o n  was good and i n d i c a t e d  t h e  need f o r  some v i s c o u s  d i s s i -  
p a t i v e  f o r c e  t o  keep t h e  f l u i d  from c o m p l e t e l y  c i r c u l a t i n g  i n  
some s i m u l a t  on c a s e s .  See Appendix B f o r  sample p l o t s  gene ra -  
t e d  by LAMPS 
O v e r a l l  a p p l i c a b i l i t y  of t h e  a n a l y t i c a l  model i s  c o n s i d e r e d  
t o  be good. It  i s  f e l t  t h a t  improved c o r r e l a t i o n  i s  p o s s i b l e  
w i t h  f u r t h e r  s t u d y  of t h e  n a t u r e  of t h e  d i s s i p a t i v e  f o r c e  and 
improvements i n  t h e  a l lowed  l i q u i d  t r a j e c t o r i e s .  The t e s t  re- 
s u l t s  a r e  a l s o  c o n s i d e r e d  good and i t  i s  f e l t  t h a t  t h e  measured 
f o r c e s  are  v a l i d  compara to r s  f o r  the a n a l y t i c a l  model w i t h i n  a 
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V. CONCLUSIONS AND RECOMMENDATIONS 
The c o n c e p t ,  used  i n  t h e  a n a l y t i c a l  model ,  o f  a p o i n t  mass 
moving on a c o n s t r a i n t  s u r f a c e ,  y i e l d s  r e s u l t s  which compare 
f a v o r a b l y  t o  measured t e s t  d a t a  f o r  f i l l  volumes up t o  50%. 
F i n e  t u n i n g  of the a n a l y t i c a l  model may be a c h i e v e d  by b e t t e r  
d e f i n i t i o n  of  t h e  n a t u r e  of  v i scous  d i s s i p a t i v e  f o r c e s  and a l -  
lowing t h e  f l u i d  c m  t o  move on t r a j e c t o r i e s  i n t e r i o r  t o  the 
c o n s t r a i n t  s u r f a c e .  
1. A s t u d y  shou ld  be under taken  t o  de t e rmine  t h e  func-  
t i o n a l  c h a r a c t e r i s t i c s  of t h e  v i s c o u s  d i s s i p a t i v e  
f o r c e  a s  r e l a t e d  t o  f l u i d  c h a r a c t e r i s t i c s ,  f i l l  v o l -  
ume and t a n k  geometry.  
2 .  The mechan ica l  a n a l o g  should  be mod i f i ed  t o  a l l o w  the 
f l u i d  c m  t o  move i n t e r i o r  t o  the c o n s t r a i n t  s u r f a c e ,  
dependent  on i n t e r n a l  f l u i d  bond f o r c e s  and a p p l i e d  
a c c e l e r a t i o n  f i e l d s  . 
The mechan ica l  a n a l o g  shows promise  for  use  i n  t h e  d e s i g n  
of o r b i t a l  c o n t r o l  sys tems and the  d e s i g n  of docking  mechanisms. 
3. The mechanica l  a n a l o g  shou ld  be expanded t o  t h r e e  d i -  
mensions and i n t e g r a t e d  i n t o  the g e n e r a l  s p a c e c r a f t  
e q u a t i o n s  f o r  subsequent  use i n  c o n t r o l  sys tem and 
l o a d s  a n a l y s e s .  
The t e s t  c o n f i g u r a t i o n  i s  c a p a b l e  of p r o v i d i n g  i n s i g h t  t o  
the c h a r a c t e r  of  l i q u i d  r e o r i e n t a t i o n  and t h e  f o r c e s  e x e r t e d  on  
s p a c e c r a f t  by t h e  moving l i q u i d .  F o r c e  d e f i n i t i o n  i s  b e s t  f o r  
medium f i l l  volumes and l a r g e r  a p p l i e d  a c c e l e r a t i o n s .  Smal l ,  
s h o r t  t e r m  l a t e r a l  a c c e l e r a t i o n s  a r e  a l l  t h a t  i s  r e q u i r e d  t o  
produce l i q u i d  r e o r i e n t a t i o n  a long  t h e  t a n k  w a l l  and t o  p r e v e n t  
t he  development  of s p o u t  i n s t a b i l i t i e s .  
4 .  F u r t h e r  t e s t i n g  shou ld  be conducted  t o  b u i l d  t h e  d a t a  
bank n e c e s s a r y  f o r  a n a l y t i c a l  model v e r i f i c a t i o n .  
T e s t i n g  shou ld  i n c l u d e  v a r i o u s  t a n k  g e o m e t r i e s ;  o g i v e ,  
c o n i c a l ,  e t c .  I n  a d d i t i o n ,  s c a l e  p r o p e l l a n t  manage- 
ment d e v i c e s ,  baf f e l s ,  e tc . , shou ld  be i n c o r p o r a t e d  
i n c o  t h e  t es t s .  
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5. The p o s s i b l e  a p p l i c a t i o n  of t h e  mechan ica l  a n a l o g  t o  
r e e n t r y  t r a j e c t o r y  s t u d i e s  shou ld  be i n v e s t i g a t e d  f o r  
u s e  on the s h u t t l e  e x t e r n a l  t a n k  and o t h e r  l a r g e  reen-  
t r y  bod ies  which may c o n t a i n  s i g n i f i c a n t  amounts of 
p r o p e l l a n t .  
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APPENDIX A - EXTENSION OF THE EQUATIONS OF MOTION TO THE 
GENERAL SPACECRAFT SYSTEM 
T h i s  append ix  d e t a i l s  a n  approach whereby t h e  t a n k l l i q u i d  
mechan ica l  a n a l o g  may be inc luded  i n  a s p a c e c r a f t  sys t em of 
g o v e r n i n g  e q u a t i o n s .  These e q u a t i o n s  a r e  c a s t  i n t o  a s t a t e  
s p a c e  framework t h a t  c a n  be automated on a d i g i t a l  computer t o  
p r o v i d e  t h e  b a s i s  f o r  b o t h  time and f r e q u e n c y  domain a n a l y s e s .  
The methodology i s  p r e s e n t e d  i n  t h e  form of i n t e r c o n n e c t e d  
b o d i e s  t h a t  have c e r t a i n  c o n s t r a i n t s  which res t r ic t  t h e  motion 
be tween t h e  b o d i e s .  The bodies  c o u l d  w e l l  be a s p a c e c r a f t ,  
t a n k  and l i q u i d  mass combinat ion.  The e n s u i n g  d i s c u s s i o n  des-  
c r i b e s  some of t h e  s a l i e n t  p o i n t s  r e l a t i n g  t o  b o t h  t h e  g e n e r a l  
fo rm of t h e  e q u a t i o n s  and  t h e i r  c o n s t r a i n t s .  
Gove r n  i n g E q u a  ti on s 
T h i s  g e n e r a l  form o f  t h e  gove rn ing  sys t em of  e q u a t i o n s  h a s  
s u c c e s s f u l l y  been employed by M a r t i n  M a r i e t t a  p e r s o n n e l  t o  
s i m u l a t e  t h e  dynamics of i n t e r c o n n e c t e d  s p i n n i n g  e l a s t i c  b o d i e s .  
The d e t a i l e d  d e r i v a t i o n s  have been  g i v e n  by M r .  C .  S. Bodley 
and M r .  A .  C .  Park." 
A c a n o n i c a l  f i r s t - o r d e r  coupled se t  o f  e q u a t i o n s  o f  t h e  
form 
i s  employed i n  t h e  mathematical  s i m u l a t i o n .  
t h e  s t a t e  v e c t o r  t i m e  d e r i v a t i v e s  w i l l  be f u r t h e r  d i s c u s s e d  
f o r  t h e  s p a c e c r a f t / t a n k / l i q u i d  c o m b i n a t i o n .  
t i o n  w i l l  be devo ted  t o  the e l e m e n t a l  makeup of  t h e  c o n s t i t u -  
e n t s .  
The components of  
P a r t i c u l a r  a t t e n -  
The s t a  te e q u a t i o n s  t h a t  gove rn  t h e  coup l e d  v e h i c l e /  t a n k /  
l i q u i d  motion may be d e p i c t e d  a s  d e s c r i b i n g  t h e  dynamical  
i'i C a r l  S.  Bodley and A. C .  Park: Response of F l e x i b l e  Space 
Vehicles t o  Docking Impact.  MCR-70-2 ( V o l .  I ) ,  M a r t i n  
M a r i e t t a  C o r p o r a t i o n ,  Denver, Co lo rado ,  March 1970. 
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motion o f  t h r e e  b o d i e s  moving i n  i n e r t i a l  s p a c e .  C o n s t r a i n t  
c o n d i t i o n s  a r e  employed t o  b o t h  a f f i x  t h e  t a n k  t o  t h e  v e h i c l e  
and t o  d e f i n e  t h e  l i q u i d  t r a j e c t o r y  w i t h i n  t h e  t a n k .  These 
e q u a t i o n s  a r e  s t a t e d  i n  t h e  f o l l o w i n g  form.  
The s t a t e  v a r i a b l e s  of  the c o n f i g u r a t i o n  s p a c e  i n c l u d e  
o r d i n a r y  momenta, { p 1 , p o s i t i o n  and a t t i t u d e  c o o r d i n a t e s , {  p 1. 
The v e c t o r ,  { P } , c o n t a i n s  such  i t e m s  a s  E u l e r  a n g l e s  and 
i n e r t i a l  p o s i t i o n  c o o r d i n a t e s .  The r ema in ing  i t e m s  i n  t h e  
e q u a t i o n s  w i l l  receive a d d i t i o n a l  a t t e n t i o n  t h r o u g h o u t  t h e  
d i s c u s s i o n .  
For a g i v e n  body, k ,  of t h e  s y s t e m ,  t h e  component o r d i n a r y  
momenta v e c t o r  , 1 P IkY is 
F u r t h e r ,  t h e r e  e x i s t s  a t r a n s f o r m a t i o n  t h a t  r e l a t e s  t h e  non- 
holonomic v e l o c i t i e s ,  { u t  , t o  g e n e r a l i z e d  v e l o c i t i e s .  
where i n  ( A - 4 )  t h e  v e c t o r  non-holonomic v e l o c i t i e s  {u 1 con- 
t a i n s  t h e  t h r e e  p r o j e c t i o n s  ( W  x ,  w y , a z ) k  of t h e  a n g u l a r  
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v e l o c i t y  v e c t o r  " k  o n t o  t h e  body f i x e d  a x i s  and t h e  t h r e e  
p r o j e c t i o n s  of t h e  r e f e r e n c e  p o i n t  t r a n s l a t i o n a l  v e l o c i t y  
( u ,  v ,  W)k o n t o  t h e  body a x e s .  T k j  ( i , j  = 
1 , 2 , 3 )  a r e  d i r e c t i o n  c o s i n e s ;  the  sub -ma t r ix  { T }  ( i , j  = 1 , 2 , 3 )  
i s  a n  o r thonorma l  r o t a t i o n  t r a n s f o r m a t i o n  r e l a t i n g  t h e  a t t i -  
t u d e  of t h e  body f i x e d  a x i s  sys t em t o  t h e  i n e r t i a l  f r ame .  The 
sub-ma t r ix ,  { T }  , i s  a l s o  a r o t a t i o n  t r a n s f o r m a t i o n ;  however, 
i t  i s  n o t  o r thonorma l  s i n c e  i t  r e l a t e s  v e c t o r  components based  
on a n  o r t h o g o n a l  b a s i s  t o  t h o s e  of a skew b a s i s ;  namely, t h e  
a x e s  a b o u t  which E u l e r  r o t a t i o n s  a r e  measured. 
The e l e m e n t s  of 
The mass m a t r i x  f o r  body k, a p p e a r s  a s  
I 
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The k t h  component of  second p a r t  of t h e  r i g h t  hand 
(A-z) ,  (Rlk {p )k ,  i s  f u r t h e r  i d e n t i f i e d  a s  
- 0  0 I Oy x 
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The f o r c e / t o r q u e  v e c t o r ,  jG)k  c o n t a i n s  t h e  e x t e r n a l  f o r c e s  and 
to rques  p l u s  any  s t i f f n e s s  and damping f o r c e  t h a t  may a r i s e  
through c o n n e c t i o n s  w i t h  t h e  o t h e r  b o d i e s  making up t h e  sys tem.  
The c o n s t r a i n t  e q u a t i o n s  ( t h i r d  of  A - 2 )  a r e  w r i t t e n  i n  
terms of  t h e  non-holonomic v e l o c i t i e s ,  { u  } . The c o e f f i c i e n t  
[b] a r e  o b t a i n e d  f rom e x p r e s s i o n s  of k i n e m a t i c  c o n s t r a i n t  and 
t h e s e  same '[b] c o e f f i c i e n t s  a r e  t r a n s p o s e d  t o  p r e m u l t i p l y  t h e  
v e c t o r  { , p r o v i d i n g  c o n s t r a i n t  f o r c e s  and t o r q u e s .  
Kinematic C o e f f i c i e n t s  
This s u b s e c t i o n  d i s c u s s e s  t h e  a fo remen t ioned  kinema t i c a  1 
r e l a t i o n s  i n v o l v i n g  e x p r e s s i o n s  of r e l a t i v e  and a b s o l u t e  v e l o -  
c i t i e s  which l ead  t o  t h e  form of t h e  [b] c o e f f i c i e n t s .  
d i s c u s s i o n  w i l l  f o c u s  on two a d j a c e n t  i n t e r c o n n e c t e d  b o d i e s .  
The 
FIGURE A - 1 .  TWO INTERCONNECTED BODY SYSTEM 
The o r i g i n s  of t h e  body r e f e r e n c e  sys tems a r e  l a b e l e d  m 
and n .  The p o r t i o n s  of t h e  body where t h e  b o d i e s  c o n n e c t  a r e  
loca t ed  and l a b e l e d  p and q .  
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I n  g e n e r a l ,  f o r  e a c h  i n t e r c o n n e c t e d  p a i r  of b o d i e s ,  t h e r e  
w i l l  be  f i v e  (5) a x i s  sys tems o r  c o o r d i n a t e  b a s e s .  F i r s t ,  
t h e r e  w i l l  be  a n  a x i s  sys t em f i x e d  t o  e a c h  of the p o i n t s ,  m, 
p ,  q ,  n ( s e e  F i g u r e  A - 1 ) .  The f i f t h  a x i s  sys t em i s  a skew o r  
non-o r thogona l  b a s i s  compr i s ing  d i r e c t i o n  l i n e s  o r  u n i t  v e c t o r s  
a b o u t  which E u l e r  r o t a t i o n s  a r e  measured.  The E u l e r  r o t a t i o n s  
a r e  used t o  d e s c r i b e  r e l a t i v e  a t t i t u d e s  between t h e  p and q 
f r ames .  
A t  e a c h  c o n n e c t i o n  j o i n t ,  t h e r e  w i l l  be s i x  (6) components 
of r e l a t i v e  v e l o c i t y  ( t h r e e  r e l a t i v e  E u l e r  a n g l e  r a t e s  and t h r e e  
re l a  t ive t r a n s  l a  t i o n a  1 r a t e s  t h a t  a r e  measured a long  t h e  skew 
a x e s )  t o  be e x p r e s s e d  
I n  (A-7) R; i s  a (3x3) r o t a t i o n  t r a n s f o r m a t i o n  r e l a t i n g  v e c t o r  
components i n  t h e  p sys tem t o  components i n  t h e  q sys tem.  It  
t r a n s f o r m s  from p t o  q.  The t r a n s f o r m a t i o n  i s  s i m i l a r ,  and 
n o t e  t h a t  t h e  p roduc t  (R:g = R,!# t r a n s f o r m s  from m t o  q .  The 
m a t r i x ,  x - ’ ,  r e l a t e s  v e c t o r  components r e f e r e d  t o  o r t h o g o n a l  
a x e s  t o  t h o s e  r e f e r e d  t o  skew axes .  The m a t r i x  Smp i s  a (3x3) 
skew symmetr ic  m a t r i x  c o n t a i n i n g  components of t h e  v e c t o r  
p o s i t i o n i n g  p o i n t  p f rom m. 
s =  
mP 
0 - Y p  P 
-2  0 X 
P P 
-x 0 
, y P  P 
(A-8) 
F i n a l l y ,  i t  i s  p o i n t e d  o u t  t h a t  c e r t a i n  rows from (A-7) c o n s t i -  
t u t e  rows of { b \ and o t h e r  rows of (A-7) a r e  rows of m a t r i x  { B 1. 
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The fo l lowing  i s  a complete l i s t i n g  of program LAMPS and a l l  a s s o c i a t e d  
non-FORMA subrout ines .  Immediately fo l lowing  the  l i s t i n g  a r e  sample inpu t  
and output  f o r  Test 16.  The output  i s  normal and n o t  t he  f u l l  checkout 
op t ion .  Following the  sample p r in tou t  a r e  the  p l o t s  generated f o r  t h i s  
tes t  case .  
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PROGRAM L A H P S ( I N P U T ~ O U T P U T ~ T A P E S ~ I N ~ ~ ~ ~ T A P E 6 r O U T P U T ~ T A P E l ~ ~ I L ~ P ~ ~  LAS 1 0  
STAPEZ) LAS 12 
c LARGE AMPLITUDE SLOSH*- L A M P S - -ANALYTIC SIMULATION L A 5  
c -  - O W  0 L A S  
C LAS 
C LAMPS I S  A PkOGRAH T O  SIMULATE LARGE AMPLITUDE SLOSH OF PROPELLANT LAS 
C clIJDEW THk APPLICATION OF LOW G A C C E L E R A T I O N  F I E L O S O  THE b I M U L A T I O N  L A S  
C 1 5  2-DIMENSIONAL. THE SIMULATION CONSTRAINS THk F L U I D  CENTER OF LAS 
C MASS T O  MOVE ON A SUHFACE GENERATED BY SLOWLY ROTATING THE TANK LAS 
C (ANALYTICALLY) I N  1 G AND TRACING THE PATH THE CLNTER OF MASS L A S  
C PHESCWIBES. I N  THE S I M U L A T I O N  T H I S  SURFACE I S  REPRESENTED BY P IECE L A S  
C WISE CONTINUOUS E L L I P T I C A L  SEGMENTS. UPDATING OF THESE SEGMENTS IS LAS 
C PERFORMED TO INSURE T H A T  THC CENTER O F  MASS DOES NOT DEVIATE LA3 
~** ,0*009r*9+**9*0********~*9***********9**********0**9***9***90*0*~**9***0*9LA3 
SUBSTANTIALLY FHOM THE CONSTRAINT SURFACE. THk PWOGR H OUTPUTS L A S  
LAS PAHAMETEMS WHICH TRACE THE F L U I D  CtNTER OF MASS AS I f  MOVES I N  THE 
C 
C 
TAN& I N  ADD T I O N  T O  P R I N T I N G  TIME h I S T O R I E S  0). THE FORCES EXERTED 




L A S  
C INPUT FORMAT c 0 ~ 0 - 0 0 0 ~ ~ 0 . -  
C10001 HkAU ( A 6 9  I S 9  3A6) RUNNO9UNAHE 
C If (HUNNO.~Q.4HSTOP)STOP 
C H t A D ( 1 2 A b )  T I T L t l  
C HEAD(12Ab) T I T L k 2  
C HkAD(6E lV .3 )  X L ~ T H ~ T D ~ P C V O L , T H E T A X , F D E N  
C HkAD (615) N R , ~ T n E T ~ N T ~ B L E , I P W I N T ~ N P R I N T ~ N P L O ~  
C HEAO (4E10.3)  V X X t C R I T 9 D E ~ T ~ T 9 € ~ D T  
C N t A D  (4E10.3)  AYI9AZI,XMU,XNUtSMASS 
C C A L L  COMtNT COMMENT CARDS9 LAST CARD 10 ZEROS COLUMNS 1 -10  
C I ~ ( A Z I . E W . ~ ~ Y ~ . O R . A Y I . E Q . ~ ~ ~ . ) C A L L  R E A D ( A C C E L ? N A , N C I K ~ ~ ~ )  
C IF (NTABLE.LEoO)CALL  H E A D ( T A B L E I N T A B L E , N C T ~ K ~ , ~ )  
C GO T O  1000 
C 
C 
C O E F I N I T I O N  OF INPUT VARIABLES 
c o . o ~ o ~ ~ o ~ o ~ - o ~ ~ . ~ ~ - o ~ o o ~ o ~ o ~ ~  
c HUNNU = RUN NUWER PRINTED IN PAGE HEADING. 
c T I T L t l  8 T I l L E  c A K O  PRINTED I N  PAGE HtAUING. 
c XL :: LENGTH O f  PROPELLANT TANK CYLINDRICAL SECTIONo (L  U N I T S )  
C TH = TANK RADIUS. ( L  U N I T S )  
C PCVOL 0 PENCENTAGE TANK F I L L  .LE. 100. 
C FOE& = PROPELLANT DENSITY. ( F  UNITS*SEC**Z/L CINITS**4) 
C Nk D NUMaER O F  RAOIAL  I N T E G R A T I O N  INCREMENTS ON TANK RADIUS FOR 
C DETERMINING TANK CGI SUGGEST NR= SO. 
C N T H t l  
C 
C NTAbLE 0 09 *€AD I N  A TABLE DESCRIBING CONSTRAINT SURFACF (PI41 VS R). 
C E: Nc LAMPS WILL D E F I N L  AN AXIS-SYMMETRIC CONbTRAINT SURFACE 
C T I T L E 2  T I T L E  CAflD PRINTED I N  PAGE HEAUING. 
C TO HEIbHT O F  TANK DOME FROM TOP OF CYL INDRICAL S€CTION* (L U N I T S )  
C THETAX 8 ANCiLE TANK IS NOTATED ABOUT A-AAfS I N  INERTIAL T R I A D .  (DEGPEES) 
R 0' ANGU A H  NTEGRAT ON INCREM NTS AHOU 0 
E !Y%%F&ENCE boR AETERMIN~NG TANK ck, ~ U C G E S O ~  N f A 2 C =  so. 
C 
C 
C IPHINT 1 9  NORMAL PRINTOUT. 
C 29 FULL  CHECKOUT PRINTOUT. 
C NPHIhT  x 
C - 
C 
c v x x  I 
C 
C C W I T  = 
C 
c DELTA1 = 
C €NOT P 





c XMU I 
C r(NU z 
C 
C SMASb = 
C 
C 












c N P L U ~  = - 
8 - - 
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LAMPS WILL PRINT EVtHY NPR N T ( T H )  T I H t  POINT. 
1 9  OENFRATE T I M F  HISTORY PLOTS OF VTDOT,VTIHETADOTr~ETAc 
0 1  rJO PLOTS WILL BE GENERA v E d .  
FY,fZ*HX ANU F L U I D  POSIT ION Y VS 2 .  
I T E H A T I O N  CUTOFF (PERCENT F L U I D  VOLUME) FOH I N I T I A L  CALCULAT- 
I O &  OF F L U I D  CG, SUCiGEST V X X =  2 . 0 .  
UPDATE CRITERIA  9 PtRCEhlTAGE D t V I A T I O ( J  FHOH f t ( T A B L E )  ALLOWED. 
I F  / W ( A C T U A L ) - ~ ( T A R L E ) / . G l O ~ ~ ~ I T * R ( T A ~ L € ) / I ~ ~ ~ )  UPDATE. 
T I M t  INCREMFNT FOR INTEGRATING THE EQUAT1O"S OF MOTION.fSEC) 
T I M k  CUTOFF FOK PROGRUM TERMINATION. (St;C) 
APPLIEU Y ACCELERATION I N  I N k W T I A L  T R I A O . ( L  UNITS/SEC**Z)  
 MUS^ NOT E Q ~ J A L  0, 
9 9 9 0 r R k A D  I N  T I M E  HISTORY A c C ~ L E R A T I O N  fAbLE.(ACCEC) 
APPLIED ACCELtHATION I N  I N E R T I A L  T H I A U r ( L  UNITS/SEC**2)  
COLk . kHICH RELATES F R I C T I O N  FORCE T O  I l J t H l  IAL FORCE. (N.D.) 
COEF. WHICH RELATES FRICTION FORCE T O  C t N T t R  OF MASS 
VELOCITY. (F  U N I T S + ~ E C / L  U N I T S )  
STRUCTURAL MASS ASSUMED INERT A T  CENTtW OF TANK TRIAD. 
SMASS I S  TANK STRUCTURE MdSS AND I S  USED I N  CALCULATING 
FOHCES FOH COMPARISON WITH TEST D A T A o ( F  UNITS*SEC**2 /L  U N I T S )  
MATHI& OF ACCELkRATION TIME HISTORIES H t A b  I F  EITrtEk A Y I  OR 
AzIoEO.9990 OTHER VALUES OF EITHER A Y I  OR A Z I  WILL OVERRIDF 
TAULE VALUES. M A T R I X  I S  AN NA x 3 (COLUMN 1 1s TIME ( S E C l r  
COLUMN 2 I S  A Y I ,  COLUMN 3 I S  AL (L  UNITS/SEC**2) .  NA.LE.20. 
CONSTRAINT SURFACE TAl3LE NTABLE X 2 0 NTAt)LE OEFINED I N  
CALL READ. COLUMN 1 IS  CENTER OF MASS LOCATION P H I  (DEGREES)( 
COLUMN 2 I S  CONRESPONDING DISTANCE FROM TANK T R I A D  O R I G I N  
R (L  UNITS) .  NTAtiLE.LE.2O. 
99YerRkAD I N  T I V E  HISTORY ACCkLEHATION TAbLE.(ACCEL) 




























SIMULATION TIMk. (SE.C) 
F L U I D  L M  ACCELERATION. ( L  UNITS/SECO*Z) 
F L U I D  CH VELOCITY. ( L  UNITS/SEC) 
ANGULAH VELOCI IY  OF VELOCITY VECTOff. ( D t b H t E S / S k C )  
ANCILE THE VELOCITY VECTOR MAKES WITH T H t  TANK TRIAD Y A X I S  
F L U I D  CM LOCATION I N  TANK TRIAD. (L  U N I T S )  
RADIAL  DISTANCk FROM TANK T R I A D  O R I G I N  T O  F L U I D  CM. ( L  U N I T S )  
F L U I D  CM LOCATION AS ANGLE M ~ A S U R E D  FHUM TANK TRIAD Y A X I S  
APPLIED ACCELERATIONS A Y I  AND A21  TRANSFCJHMED T O  THE TANK 
TRIAD. (L  UNITS/SEC**2)  
COkFS. I N  E L L I P T I C A L  SURFACE EQUATION THE E L L I P T I C A L  
SEGMFNT REPRESENTING THE CONSTHAIN1 SURPACE. (N.0. )  
A C 0 * Y * * 2 * C C O * Z Q * =  1 0 0  
RADiUS OF GYRATION VF THE E L L I P T I C A L  SUHFALE A T  X I Y I Z .  
J A I I O  K ARE COMPONtNTS OF THE INSTANTANtOU5 U N I T  TANGENT 
VEClUR WHICH I S  THE DIRECTION OF THE V E L O C I T Y  VECTOH. ( N O D o )  
J ANO K AHE COMPONENTS OF THE INSTANTANIANtOUS U N I T  NORMAL 
VECTOR T O  THE L L L I P I I C A L  SfGMENT. (N.0.) 
FORCES EXERTED ON TANK SUPPORTS DUE T O  F L U I D  M O T I O N  AND TAhJK 
S T k U C T .  I N E H T I A L  F O N C E S ,  I N  TANK THIAD. ( k  U N I T S )  
MOMkNT EXtRTED ON TkIJK SUPPORTS DUE T O  F L U I D  MOTION, I N  
09 M O O t L  FRFE 10 LfPUATE E L L I P T I C ~ L  SUHFACE A T  WILL. 
1 ,  L A S T  UPDATE P € d F O & M E D  UhrTlL & t T A  E h T t H S  A N t b  UUADRANT, 
(D~GRE€S.GE.O..LE.3~0,) 
T O  HADIAL VECTOR H. (DEGREES) 
(L  UNITS) 
TAfkK TNIAD. (L  UNITb*F  UNITS)  
ORIGINAL PAGE 
OF POOR QUALlTM 
30 
4u 
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YO 






















LA3 364  
LPS 305 
LA5 366 
LA’S 370  
LAS 315  
LAS 380 
LAS 3 9 U  
LAS 400 
LA5 4 1 0  
LAS 4 2 0  
LAS 430 
LAS 4 4 0  
LAS 420 












LAS 510  
LAS 560 
LAS Sa5 







LAS 6 O d  
LAS 643 






L A S  bo0  
C 1 ~ 1 1  L A L  CONOATIUNS L A S  7 1 0  
L A S  7 3 0  
LA5 7 4 0  
LA5 750 
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APPENDIX C - TEST AND ANALYTICAL RESULTS 
T h i s  append ix  p r e s e n t s  (F igu res  C - 1  t h rough  C-22) t h e  re- 
duced t e s t  d a t a  f o r  a l l  22 t e s t  c a s e s  a s  w e l l  a s  t h e  a n a l y t i c a l  
p r e d i c t i o n  f o r  e a c h  c a s e  assuming no v i s c o u s  d i s s i p a t i v e  f o r c e  
( 77 = 0 ,  P =  0 ) .  I n  g e n e r a l ,  a n  update  c r i t e r i a  (CRIT) of 2% was 
used ,  however,  some c a s e s  were run  w i t h  a v a l u e  of 0.5%.  It 
h a s  been  found t h a t  s m a l l e r  v a l u e s  of CRIT  c a n  d r a s t i c a l l y  i m -  
p rove  t h e  q u a l i t y  of t h e  a n a l y t i c a l  p r e d i c t i o n  f o r  some t e s t  
c o n f i g u r a t i o n s .  Th i s  improvement can  be s e e n  by comparing 
F i g u r e s  C - 1 7  and C-23. These f i g u r e s  b o t h  p r e s e n t  d a t a  com- 
p a r i s o n s  f o r  t e s t  1 7  (50% f i l l ,  45' t a n k  i n c l i n a t i o n ) .  The 
a n a l y t i c  r e s u l t s  shown i n  F i g u r e  C-23 were r u n  w i t h  CRIT = 2%)  
w h i l e  t h o s e  i n  F i g u r e  C-17 were run w i t h  CRIT = 0.5%.  The more 
l a x  upda te  c r i t e r i a  ( F i g u r e  C-23) a l l o w s  e x c e s s i v e  d e v i a t i o n  
from t h e  c o n s t r a i n t  s u r f a c e  y i e l d i n g  more pronounced d i scon-  
t i n u i t i e s  a t  u p d a t e s .  
T a b l e  C - 1  summarizes t h e  t e s t  c o n d i t i o n s  f o r  e a c h  c a s e .  
Values  of a x i a l  a c c e l e r a t i o n  (AZI) were c a l c u l a t e d  based  on 
t e s t  t i m e ,  d rop  c a p s u l e  and d r a g  s h i e l d  masses ,  and d r o p  cap- 
s u l e  t r a v e l  d i s t a n c e  . La t e r a  1 a c c e l e r a t i o n s  (AYI) were s c a l e d  
f rom h i g h  speed  photographs  t a k e n  d u r i n g  t h e  t e s t i n g .  
T a b l e  C-2 p r e s e n t s  a q u a l i t a t i v e  e v a l u a t i o n  of e a c h  t e s t  
c a s e  i n c l u d i n g  a n  a s ses smen t  of t he  wor th  of t h e  measured 
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Figure C-13. Test 13: 25% F i l l ;  ox = 0.0; Aa = .e; C R l T  = 2.0% 
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Figure C-15. Test 15: 75% Fi l l ;  e x  = 0 ' ;  Aa = .Wg; C R l T  = 2.0% 
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